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PREFACE 

DuBDJO the past few yeara the subject of variable stars 
ha^ become increasiagly intereating to the amateur who is the 
owner of a telescope, as well as to the average college student 
who has some knowledge of astronomy, while to the research 
worker it offers many lines of investigation which are full of 
promise. However, so complex is the subject, and so diverse 
the principles involved in a complete understanding of it. that 
extensive reading in several different directions is required as 
a foimdation. 

It b with the purpose of supplying this need as well as of 
making an important and attractive branch of astronomy 
accessible to the student that the present volume has been 
prepared. It is the outcome of several years of teaching the 
subject in Vassar College, tor which the material was prima- 
rily collected. This material is scattered throughout various 
■ periodicals in the form either of research papers or quite popu- 
lar articles, intended to give directions for observation to 
owners of small telescopes. A large amount of historical matter 
is also included, which is taken from sources not within easy 
reach of the general reader. Mention may be made of some of 
the subjects treated, which are introductory to the study of 
stellar variation, such as the study of the Dvrchmustentng 
charts, photometry in all its branches, spectroscopy, and star 
color. The purpose of the present volume is to consider all of 
these points, and in particular to give in as simple and clear a 
form as possible a full presentation of the physical principles 
Upon which many of the instruments and methods of investi- 

Cl, principles such as those of polarized light, 
iis, the formation of the photographic image, 
■icity. Textbooks on astronomy rarely include 
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gucb preliminar; matters, even tbou^ they are not subjects 
Trbich the student is necessarily expected to know. 

Thus far no general book on variable stars has been pre- 
sented to the public in English. In German a comprehensive 
treatise is being prepared by Father Hagen, and issued a sec- 
tion at a time. Two parts have already appeared, and in the 
introduction to the first, which is called the historical techni- 
cal part, Hagen states that it is primarily a collection of sources, 
and that brief handbooks in different languages can easily be 
formed from the material included. The author, in a personal 
interview with this distinguished astronomer at Rome, in 1914, 
received encouragement from him to proceed ^ftith her project, 
and permission to use any of the material in his treatise. The 
present volume, however, b an introduction rather than a hand- 
book, and as such devotes more space to explanatory mate- 
rial than to an extensive treatment of the results of research. 
Much of the material had already been collected before 1914, 
but frequent reference to Hagen's work will be found in the 
footnotes. 

! The writer wishes now to express her indebtedness to her 
many friends who have assbted her at various points in this 
undertaking: first to her astjonomica] colleagues, who looked 
over the outline and made valuable suggestions as to the points 
which should be included in it; to Professors Schlesinger and 
Jordan, of the AU^heny Observatory ; to Professors Frost and 
Faridiurst, of Yerkes; and to Professor Pickering, of the Har- 
vard 0b9er%-atory- It is owing to suggestions from these as- 
troDomers that the chapter on photo-electric celb was included, 
and that so much space was given to photographic photome- 
try and star colors. They also freely offered the use of any 
material from their publications which might be desired. 

Whatever deaineaa of presentation there may be in the di»- 
aoMon of tlkc photoelectric cell the writer owes to her ool- 
leagoe at Tanu, Profesaor Saunders, of the Physics Dcpart- 
ment, who gave generously of hb time to the discussion of that 
difficult and nnfamilfur Bubject, as well as ol sevn^ other 
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technical points. Miss Ernestine Fuller, of the Astronomical 
Department, assisted by looking up references at several 
points and criticized the presentation of some of the physical 
principles. Professor Treadwell has given useful suggestions 
in regard to the drawings. 

At the suggestion of Miss Helen Swartz several items were 
included which were thought to be useful to the non-profes- 
sional observer. She also read a large part of the manuscript 
and made valuable criticisms of the form. 

The writer wishes to express her thanks also to her students 
in the course on variable stars during the present year. Miss 
Vera Ringwood and Miss Evelyn Wickham, with whom she 
has held many discussions as to the form of presentation, and 
who, by their interest and candid criticism, have aided greatly 
in maintaining the standard of clearness which she has striven 
to reach. 

Mr, Oicott, secretary of the American Variable Star Section, 
made suggestions as to what points the amateur observer 
would be especially interested in, and sent several items which 
have been incorporated in the chapter on "Hints to Observ- 
ers." Mr. David Bleocoe, also a member of the Association) 
has kindly sent his work on a statistical study of variable stars, 
which had been prepared for private circulation. 

The author's greatest debt, however, is to Miss Helen Van 
Eleeck, who at several times in the past has assisted in prepar- 
ing the publications of Vassar College for the press. To her 
faithful and intelligent work in transcription the writer owes 
the completion of the volume in the required time, and to her 
careful criticism is due much of the clearness of style. Miss 
Van Kleeck also prepared the drawings for the illustrations, 
which are provided for by the publication fund of the Observa- 
tory. 

The observation of variable stars was introduced into the 
program of the Vassar Observatory by Professor Mary W. 
Whitney in 1901, and when later the subject was made a regu- 
lar course of study in the astronomical department, the writer 
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oo-operatod with her for the first few jrears in giving the in- 

itnu^ion. The writer cannot adequately express her constant 

indebtedness to Professor Whitney for the opportunity and 

encouragement afforded her during all her years of work at 

Vasiiar. 

Cabounb E. Fubnbbs. 
Vassas CotLMS OssnTAToaT* 
Mofck Stf. 191S. 
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AN INTRODUCTION TO THE STUDY OF 

VARIABLE STAJIS 

CHAPTER I 

INTRODUCTORY 

We shall take it for granted that the reader is aheady ac- 
quainted with the main facts of Astronomy, but since this 
does not necessarily include a knowledge of the points which 
bear directly upon the study of variable stars, a brief r63um6 
at them will be given in this introductory chapter. However, 
the statements made here are to be considered as preliminary 
only, and each will be more fully discussed in some later chap- 
ter. The topics presented will be a general description of stel- 
lar variation, the elements of variation, classes of variables, 
the general principles underlying spectrum analysis, the classi- 
fication of stellar spectra, and the connection between the 
spectral type and the type of variation. 

GENERAL DESCRIPTION OF STELLAR VARIATION 

A variable star is one that undergoes a change in brightness. 
With some stars the change is as great as four or even six mag- 
nitudes, while with others it may be only one magnitude, and 
in some cases as small as half a magnitude. This change in 
brightness is observed by comparing the light of the variable 
with the light of some standard star which is assumed to be 
constant in brightness, the comparison being made either 
directly, or through the medium of some sort of artificial star. 
The different methods of making the comparisons will be dis- 
cussed at length in the chapters on photometry. It is sufficient 
here to state that the result of the observations is to furnish 
the magnitudes of the variables at certain recorded instants 
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of time. In order to represent the variation to the eye, the' 
data are plotted on co-ordinate paper, using the time as the 
horizontal co-ordinate, or abscissa, and the observed magni- 
tude as the vertical co-ordinate or ordinate. A smooth curve 
is then drawn through the points which is called the single 
light curve of the variable. This is illustrated in the following 
diagram. 
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When a long series of ob3er\'ations has been made and the 
results plotted as just described, a study of the curves will 
show that the same form recurs with more or less regularity, 
and that certain quantities can be determined which will de- 
scribe it. They are (he magnitude at maximum, the magnitude 
at minimum, and the length of the period, i.^., the time from 
one maximum or minim wm to the one next foDowing. These 
ue kn bU of variation and to them b added the 
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, that is, the date of some very well-delermined maxi- 
mum or minimum, its selection depending upon the nature 
of the curve. This date is usually changed from the calendar 
date into the corresponding day of the Julian period, and is 
knonn as Julian Day. The Julian period, as the name implies, 
is a continuation of that introduced at the time of Julius Csesar, 
according to which the days are numbered consecutively, be- 
ginning at 1713 B.C. It has been adopted into variable star 
work, in order to facilitate the combination of observations 
scattered over a long period of time. The Julian Day for Janu- 
ary 1, 1915, is 2,420,499, For a fuller explanation see Chapter 
XI. 

The observations as described above are finally combined 
into one curve called the mean light curre, which represents the 
average course of variation of the star, smoothing out the small 
irregularities. It is upon the study of the mean light curves of 
great numbers of variables that the classification is based. 
The method of forming it will be treated in Chapter X. 

CLASSES OF VAItlABLES 

From the study of their curves, it has been found that vari- 
able stars may be divided into distinct groups, each one hav- 
ing its own particiUar light cur\-e. Several different groupings 
have been made by different astronomers. The one which is 
best known and most widely used is due to Professor E. C. 
Pickering, of the Harvard College Observatory. It was first 
proposed by him in 1880 in the Proceedings of the American 
Academy of Arts and Sciences, vol. xvi, pp. 17, 257. It is 
later repeated in the Provisional Catalogue of Variable Stars, 
which forms No. m of vol. 48 of the Annals of the Harvard 
College Observatory, from which source the present statement 
is taken. 

Class I represents new or temporary stars; Class II, vari- 
ables of long period; Class III, variables of small range, or 
irregular variation according to laws as yet unknown; Class 
rV, variables of short period; and Class V, variables of the 
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Algol type. Class 11 may be subdivHded into Class Ila, whl* 
contains the ordinary variables of long period, and Class lib, 
to which U Geminorum and SS Cygni belong. The latter are 
usually Taiot and of nearly uniform brightness, with occasional 
sudden and irregular outbursts of light which diminish gradu- 
ally. Class IV can similarly be divided into Class I\'a, which 
contains ordinary variable stars of short period, and Class IMs, 
of which LjTae is the typical star. 

Class I. New or Temporary Stars. A new star is one which 
grows bright very suddenly, often in a few hours, and then 
fades away, more or less gradually, becoming either a faint 
star, or a planetary nebula. An excellent discussion of these 
stars may l>e found in Miss Clerke's interesting and valuable 
volumes. The System of the Stars and Problems in Astrophysics. 
The two brightest novae of recent years were discovered by 
Thomas Anderson of Edinburgh. They are Nova Aurigae and 
Nova Persei. .\ portion of the curve of the latter star is given 
below. Thotigli it appears for a time to ha^-e somewhat regu- 
lar fluctuations, tt is in reality a variable ha\-ing but one maxi- 
mum, which is followed by a prolonged minimum. 

One might inquire whether it is possible to obtain any in- 
Formstion regarding the history of a new star before the time 
of the first observation, and also whether any such stars have 
been obsorx-wl before their maximum brightness was attained. 
The ansivxr to both questions is an affirmative one. By means 
of the great store of photogr»phic plates at the Har^-ard Ob- 
•CTvattM^- and dsewliere. it is always possible to trace back the 
historj- of each new star, until wt reach a time when it is fainter 
Uian «n,v star rec»iTtied on the photograph. Just what magni- 
tude is Ihus repiTsented de^iends upon the length of the photo- 
gmphic espiwure, lieing sometimes the eleventh magmtude, 
uid aometinies e\Tn fainter. 

Ftor exAni{ile, Nova .\tmgae, wben discovered by .\nderson, 
tn» a j-vllowish star of the fifth roaputude. From October 21 
to tVYmltrr 1. 1S91, phott^praphs of (he same region had heea 
Ulwn tX the Ilarwd Obscn-atory, thirteen in number, bom 



[™ 



8 THE STUDY OP VAKIABLE STARS 

all of which it was absent. On December 8 it is also lacking on 
a photograph taken by Wolf, of Heidelberg, which shows stars 
of the ninth magnitude. On December 10, a plate taken at 
Harvard shows it to be of the 5.4 magnitude, and following 
photographs at the same Observatory show that it reached a 
maximum of 4.4 on December 20, hence it was already on the 
downward slope of its light curve when discovered. Its sudden 
increase in brightness from below the ninth magnitude to 5.4 
must have taken place in about twenty-four hours. The case 
of Nova Pcrsei is equally striking. When discovered on Feb- 
ruary a, 1901, it was brighter than the second magnitude and 
had not then attained its greatest brightness. On a plate taken 
twenty-eight hours previously, containing stars of the twelfth 
magnitude, it did not appear, hence it must have increased ten 
magnitudes during that time. 

A very extensive series of observations covering the recent 
history of some of these stars has been made by Professor 
Barnard at the Yerkes Observatory, and published in the 
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AatTonomische Nackrickien, No. 4655. They include eleven 
stars and cover a period of twenty years. Briefly stated the 
result is that some of the oovae are now merely ordinary faint 
stars, while others, from their hazy, ill-defined appearance, 
are regarded as probably nebulous stars. Some are no longer 
visible. 

Class II. Variable Stars of Long Period. As the name im- 
plies, the variation of these stars b periodic in character, that 
is, it is repeated in prac- 
tically the same kind of 
curve at intervals more 
or less regular ; or in 
other words, the stars 
increase to a maximimi 
brightness, diminish to a 
mini mum, and repeat 
the process in the same 
manner periodically. 
There are certain irreg- 
ularities in the repeti- 
tions, for the brightness 
at maximum or mini- 
mum is not uniform, 
neither is the interval of 
time between two suc- 
cessive maxima always 
the same; nevertheless, 
the variation is distinct- 
ly periodic. The greater 
number of variables be- 
long to this class. The 
periods range in length 

from about fifty days to over six hundred days, the greatest 
number being from two hundred and fifty to three hundred 
days in length. Figures 3 and 4 show the mean light curves of 
two long period variables. They were taken from the Harvard 
Ibservatory Annals, vol. 37, Plate II. 
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Class lib. Slarsof the UGetninorum Type. These are chal 
acterized by a very rapid rise from a constant miiumum to a 
maxunum which does not last for any regular interval of time, 
being sometimes long and sometimes short, and which in turn 
is followed by a slow decline to the miaimimi. This change 
does not occur with any regularity, but is always unexpected. 
There are two other stars in this class in addition to the typical 
one. They are SS Cygrn and SS Aurigae. The first of these, 
being a httle brighter and having a shorter period than U 
Geminorum, as well as being more favorably situated for 
observation, has been studied more extensively. Below is given 
its mean light cur^'e, showing the two forms of maximum, de- 
rived by Farkhurst {A^ropkysieal Journal, I2» 265). 




Ftgare 5 

UQHT CRASQMa OF S3 CYGM 

CutSi m. /rnftdar VaiicHea. In this class are placed 
thoaa itan which giTe evidtroc« of such irregularities that no 
pcnod can he asstgned to them, for example, a Ononis and a 
lltrrcutt^. It has oi-ciuiiutallji' happened, however, that a star 
that has bc«n [Ja^^vd iu this dass has later, through more con- 
Uuuous ol>ser\'atioa, be«n fuund to belong to another group. 
An vmui>Ie of this is the star u Herv-ulis. the variabihty of 
vhkk w»» diMXixfrnt as Mrij- as IS69, and which was long 
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dassified with the irregular variables. In 1908, from close 
observation it was found to have a period of 2.05 days and was 
placed in Class IV. Many of the truly irregular stara have a 
reddish color, a fact which is closely connected with their 
spectra, and will be explained more fully in the section on 
stellar spectra. 

Class IV. Short Period Variables. The stars of this group 
have periods extending from several hours to forty-five days, 
but, as will be seen later, the actual dividing line between long 
and short period variables does not depend on the length of 
period alone but upon the spectrum and the character of the 
hght curve. According to Pickering's classiBcation, this group 
has two subdivisions. Of the first, £ Cephei is the typical 
star. It shows a rapid rise to maximiun, which occupies in 
general one-third of the period. This is followed by a slower 
decline, in the course of which there may occur a more or less 
accentuated halt. From the tj-pical star of the group the name 
"Cepheid" variables has been in frequent use, but quite re- 
cently it has been criticized on the ground that it b given also 
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to meteoric showers which have their radiant points in tHe 
constellatioD of Cepheus, Hartwig,' who makes the criticism 
in his Kalaiog for 1914, suggests instead the word "Blink- 
stern." for which there is no good English equivalent. He calls 
attention to tlie fact that the light curve ot these stars is char- 
acterised by a rapid brightening to a maximum <^ short dtira- 
tioD, which is followed by a gradual decline to the minimum, 
and furthermore, that these phases occur with extraordinary 
regularity. He likens it to the effect produced by a revolving 
light in a lighthouse on the sea coast, in which there is the 
same rapid hrighteJiing, leading to a short and brilliant maxi- 
mum followed by a gradual diminution to the minimum, 
always performed with absolute regularity. Such a light is 
c«Ued in German " BUnklicht." whence the name "Blink- 
sten." Howe\-er, it should be said in defense of the name 



"» 






« 












r 


V 1 




I 












1 


\ 


















1 


\ 




















1 


\ 


s 
























\ 




























\ 


































• (HI t)4 SCTS 9 19 



luux uiun cvsvs or s .uux 
' Kmm " -'-'i Ti*^ ml Hhiri*a iilifc lii^ 



INTRODUCTORY 



IS 



'^Cepheid Variable** that the term has been in use for some 
years, and there has been no confusion between the variables 
and the shooting stars. The group is named from the best 
known star in it, on exactly the principle according to which 
we refer to the Algcd stars and the fi Lyraetype. The writer 
sees no need for the change. 

On pages 11 and \% i^pear the light curves of two stars in 
this group, differing somewhat from each other, the second 
of which has usually been classified with a small group called 
Ant-algol stars because their curves seem to be an inversion 
of the Algol type, but which have been included by Hartwig 
under the title ** Blinkstem.** They are 8 Cephei ^ and S Arae.' 

iS Lyrae is typical of the second division, and until rather 
recently was considered to be the only representative of its 
class, but in 1914 the list published in the Vierteljahrsschrifi 
contained eighteen similar to it. The curve shows a rapid rise 




Figure 8 

mCAK LIGHT CURVE OF fi LYBAE 
> Jbd Stebbins, Ap. J., 27, 103. * Alex. W. Roberts, Ap. J., 88, 208. 
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from mmimun] to maximum, similar to that of S Cephei, fol- 
lowed by a decline to a secondarj' minimum, after which there 
is another rise to a maximum of the same magnitude as before, 
and again & decline to the primary minimum. That is to say, 
there are two equal maxima separated by two unequal minimw^H 
The star's curve is given on page 13.' ^H 

There are a few short period variables which show a sym- 
metrical curve, that is, one whose ascending and descending 
branches are alike. 

^ Geminorum is the typical star of the group. Its light 
cur\'e ' is given below, Hartwig mentions nine which he calls 
of this type. 
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Figure 9 

LIGHT C U HTE OF ( GEMINORUM 
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What is known as the cluster type of variable will be dis- 
cussed in Chapter XII. Typical curves may be found in An- 
nals, H.C.O., ^"01. 38. The one which occurs with greatest 
frequency b similar to the curve of S Arae shown above. 

Class V. Algol Stars. The stars of this group also have 
short periods and hence might properly form a subdivision of 
Class rV, but they are so numerous and have such a distinc- 
tive curve that they are grouped together, and take their name 
from the first representative discovered. The curve is charac- 

> G. W. Myers. Ap. J,. 7, 8. ' W. W. Cwnpbell. Ap. J.. IS, &2. 
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1 by a sustained maximum broken by a swift descent to 
nunimum, which is sometimes quite short, and sometimes con- 
tinues for an hour or so. Following is a rise to maximum very 
nearly sj'minetrical witb the descending branch. The time 
spent in the change is called the duration of phase. In some 
cases a secondary minimum appears. Below are given the 
light curves of two stars in this group; that of Algol/ which has 
a short minimum and that of U Cephei,' which has a long 
minimum. 

The descriptions just given are necessarily brief and lacking 
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Figure 10 

t LIGHT CUKTB OF ALGOL 

Ap. J., 32, ISO. * p. S. YendeU 



» P. S. YendeU, Pop. AtL. 14, 600. 
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1 details, but are sufficient for introductory purposes. They 
should enable the reader to understand the characteristics of 
the different classes of variables and to recognize their light 
curves. Many variables are as yet unclassified because suffi- 
cient data have not been gathered to enable us to determine 
the light cur\'es. These are designated as unknown, or in Ger- 
man, "imbekannt." It should finally be stated that recently 
there has been a tendency to give up the distinctions between 
some of the different classes of short period variables, and to 
put the Algol and ^ Lyrae variables under one heading, since 
their variation is supposed to be due to the same cause. Cer* 
tain individual stars also, upon closer examination of their 
curves, have been transferred from one division to another. 
The present classification cannot be considered as final. 

PRINCIPLES OF SPECTRUM ANALYSIS 

It has been found from a statistical study of the spectra of 
variable stars that there is a marked correlation between the 
character of the spectrum and the type of variation, and also 
that with certain tj'pes of stars there are important changes 
that take place in the spectrum accompanying the changes in 
the light. In order to interpret these correctly, it will be neces- 
sary to understand the principles which underlie the formation 
of the spectrum and to be familiar with the classification of 
stellar spectra. 

If we allow a beam of white light such as comes from a can- 
dle or an incandescent light to fall upon a prism, we find that 
when it emerges from the prism, instead of being white it is 
broken up into a rainbow band of colors arranged in the order: 
red, orange, yellow, green, blue, indigo, and violet. We find 
also that the ray of light has changed its direction, that it is 
bent aside from (he path it would pursue if the prism were re- 
moved, that the red color is bent the least, and the violet the 
most. The breaking up of the light into its component colors 
is called dispersion, the bending of the different colors, refrae- 
'-'n, and the angle through which it takes place is called the 
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angle of deviation. The purest colors in the spectrum are ob- 
tained when the light which f aUs upon the prism is admitted 
through a narrow slit, and for the best effect the slit should be 
placed a long distance away from the prism. There are obvi- 
ous practical difficulties in the way of doing this, and the same 
result is accomplished by placing the slit in the focus of a tele- 
scope which is turned toward the prism. The rays of light 
then emerge parallel from the lens and according to the well- 
known laws of optics the effect is produced of removing the 
slit to a great distance. This is called the coUimating tele- 
scope. In order to examine the spectrum to the best advantage, 
another telescope is added called the view telescope, which is 
equipped with a micrometer and cross wires for making meas- 
urements. 

The accompanying diagram shows a simple laboratory prism 
spectroscope. To the parts mentioned above is added a scale 




Deviation' 



Figure 12 

PRISM SPBCrrROSGOFB 



for reading the angle of deviation of any desired part of the 
spectrum. When the spectrum of a star is to be observed, the 
spectroscope must be attached to the telescope, and should 
be especially designed for the purpose to which it is to be put. 
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In order to understand what causes light to behave in this 
way and how the spectrum may be used for measurement, it 
will be necessary to give some explanation of the principles of 
light. It should be understood, however, at the outset, that 
the explanation is not exhaustive, but is intended only to give 
a sketch of the problem, and those who are interested to pur- 
sue it further are referred to the various standard authorities 
on the subject. 

We first assume the existence of ether, a transparent elastic 
Qieditun, filling all space and even the interstices of matter. 
Light is a wave motion in this ether, and is transmitted through 
it in straight lines. This is called the rectOinear propagation 
oi light. The wave motion or vibration is a periodic disturb- 
ance which is handed on successively from one portion of the 
medium to another. The particle which is being disturbed has 
a vibratory motion but does not travel on with the wave. The 
simplest illustration of this is found in water waves. If a stone 
is thrown into a quiet pool of water, a series of waves is started 
which spread in ever widening circles to the edges of the pool. 
Those nearest the center of disturbance are the most violent, 
and the depth of the successive waves diminishes as their dis- 
tance from it increases. The particles of water do not travel 
outward with tlie waves, for if a leaf is Boating on the pool it 
wiU not be driven to the shore, but will rise and fall on the 
surface of the waves as they pass under it. Its direction of 
vibration b thus peri>endicular to the direction of propagation 
(rf the waves. 

Ether waves are of the same nature, that is, the vibration of 
their particles is perpendicular to the direction of propagation. 
Furthermore, so perfect is the elasticity of the ether that any 
number of waves can pass through it at the same time in all 
directions, without interfering with one another. 

A wave-length is the distance the disturbance travels while 
the first particle is executing one vibration. This is generally 
represented by the symbol \. 

The accompanying diagram shows the different parts of a 
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complete wave. The arrows attached to the dots represent 
the direction in which each particle is about to move. In the 
diagram, a, the first particle, has completed one vibration, b 
three fourths of a vibration, c one half, and d one fourth, while 
e is about to begin its oscillation. The distances of b and d from 
the line represent the maximum displacement in the wave, 
and are called the amplitude of the vibration, The distance 
ae is called the wave-length. The phase of a particle ia defined 
by its position in the wave, that is, by its distance from the 
original position and its direction of motion. This may be J 



tidJI 



Figure 13 

PtAGBAM OF A COMI-LBTE WAVZ 



more clearly understood by pointing out when two partid 
are in the same or in opposite phase. The former occurs when 
the two particles have the same displacement and the same di- 
rection of motion; for example, a and e, for a has completed one 
vibration, Knd is r«ady to start on a second, while e is about 
to bcftin its first \-ibrtition. They are separated by a whole 
wax-c-lejigtli. On the other hand, 6 and d are in opposite phase, 
for though they ha\'e the same displacement in amount, they 
have opposite directions of motion, since b is about to move up 
toward its original position, while d is about to move down. 
TTiey aw separated by an »)dd number of half wavelengths. 

The length of the light wav« which falls upon the retina 
determines the sense impressiim of color, and different por- 
Uons of tbe spectrum have diGFerent wavc-tengths. The actual 
lengtli of a mv« of any boUted eolor may be <d>tained in the 
pltpkilkUmntoiTiiUhtWvMofaapectroiMtO'. Tbelength 
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of the wave of a red ray al the extreme end of the spectrum 
is 0.0007600 millimeters, and that of the extreme violet 
0.0003900 millimeters. Since these numbers are inconvenient 
to handle, a small unit has been adopted called the Angstrcim 
unit from the name of the Swedish physicist who first used it. 

It has a value of -^ meter or a tenth meter, and is abbreviated 

A.U. Measurements of wave-lengths can be made with ex- 
treme accuracy, that of the sodium line D being 5896.616 A. U. 
There are other portions of the spectrum beyond the region 
' visible to the eye. That part having a shorter wave-length 
than 3900 A.U. ia called the ultra-violet, and can be exten- 
«ively studied by photography, as the rays possess strong 
actinic power. Many stars are strong in this part of the spec- 
trum. The infra-red lies at the other end of the visible spec- 
trum, beyond wave-length 7G00. It has strong heat radiation 
and its character may be studied by means of its thermal 
effects. The infra-red spectrum of the sun has been thoroughly 
investigated since its heat emanations are very strong, while 
this [>art of stellar spectra is lacking, since only a minute quan- 
tity of heat peaches the earth from the stars. 

The vibration frequency of an oscillating particle, or the 
number of vibrations which strike the eye per second, is of 
importance and may be found as follows: — 

Let X - the wave-length or the distance the distiu-bance 
haa traveled while the original particle has exe- 
cuted one vibration; 
V - the distance traveled by light during one second 

of time, or 186,330 miles; 
n " the number of vibrations performed by a particle 
during one second; 

Then »i = ^. 

The vibration frequency thus bears an inverse relation to 
the wave-length. In the red end of the spectrum, 
186.330 miles 
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For tbe violet end of tbe spectrum, it b 760 000 000 000 000. 

As has been stated, when white light passes through a prism, 
it appears as a band of color in which there is no break in the 
aems from the red at one end to the nolet at the other. Such 
li^t comes from a candle flame or from an incandescent light, 
and the spectrum that it produces h called a continuous spec- 
trum. If the source of light should h^pen to be a Bunsen 
Same tn which sodium (Jiloride or common salt is burning, the 
appearance presented by tbe spectrum would be quite differ- 
ait. Instead of showing the unbroken band of color, there 
would be seen two yellow lines ii-eiy close together and noth- 
ing else. Further, when we examine the spectrum of the sun, 
we see the rainbow band of color, but it is crossed by vertical 
dark lines arranged in irregular groups, which are invariably 
the same at all times <^ obsen~at>oii. It appears, thus, that 
the character of the spectrum depuids upon the nature and 
coodition of the substance or body producing it. From the 
ini'estigatioD of these facts, the i«inoiplcs of spectrum analy- 
sis have been deduced. Their importance cannot be overesti- 
mated, since upon a correct understanding of them depends the 
interpretation oi the many details f»¥sented by tbe spectra 
of the Sim and stars. They may be expressed in the following 
simple forms, which must be understood as being merely ab- 
' breviated statements and not an explanation of the complete 
laws. 

A bright spectnuu. whethe* it be continuous, or whether 
it consist of separate bright hues, is called an emission spec- 
trum. \\'hen the bright spectrum is crossed by dark lines or 
bauds, the lines am) band:! together form an absorption spec- 
trum. An emission spectrum, theo, may be seen by itself, but 
an absor|>ti^ut spectrum b <\Qly seen when superposed upon a 
bright background, that is, against an nnisskiQ spectrum. A 
further invrcttigati^ui of the lines shows the following general 
priuciplen: — 

I. .\u tucttudeM'eut solid or liiiuid or a gas uuder v 
pnasure will i^ive a voutiauous »pectruiit. 
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2. An incaiidescent gas will give a discontinuous spectrum, 
that is, a spectrum consistiDg of separate bright lines. The 
lines formiiig this spectrum invariably occupy the same posi- 
tions, that is. have the same wave-lengths, so long as the con- 
ditions of temperature and pressure affecting the source of 
light remain the same. For example, under ordinary condi- 
tions the spectrum of hydrogen consists of four bright lines, 
one red, one bluish green, and two violet, called in order Ha, 
B/3, Hy, HS. Each gas, then, has its own particular spectrum, 
and the wave-lengths of its lines can be measured, No two 
gases have lines of the same wave-length; that is, there is no 
line common to two gases. The spectra of almost all of the 
known elements on the earth's surface have been investigated 
and mapped, and tables of wave-lengths have been published. 
It is no easy task to complete this investigation, partly because 
some of the elements are quite rare, but primarily because the 
spectnun varies with changing temperature and pressure, as 
will be described at length later on. It is obvious that the ele- 
ments represented in a continuous spectrum cannot be distin- 
guished. 

3. A gas absorbs from white light passing through it pre- 
cisely those wave-lengths of which its own spectrum consists. 
If it is a cool gas, or a luminous one but of a lower temperature 
than the source of white light behind it, it will produce rela- 
tively dark lines in the spectrum. If it is hotter than the source 
behind it, it will produce bright lines. If of just the same tem- 
perature, no effect will be produced. This third principle is 
known as KirchhoS's law. 

Thus we can determine to some extent from the appearance 
of the spectrum of a heavenly body what its physical condition 
is, and of what elements it is composed. If like the sun it has 
a continuous spectrum crossed by dark lines, we know that it 
consists of a central core which produces a continuous spec- 
trum; that is, it must be a glowing solid or liquid, or a gas 
r tmder very great pressure, but we cannot tell which of the 
I three, nor can we tell of what elements it is composed. We 
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Imov further, that this central core b surrounded by an at- 
notphere of cooler gaaes which we can identify after the wave- 
Irffgt*" liRve beeu measured, by their coincidence with the 
wa%'e-lengths of terrestrial substances, if these are already 
known. 

If. on the other hand, as is the case with some of the 
Ihe c<.)ntiiiuous spectrum is crossed by bright lines, tlus b 
indtcatjon that the central core b surrounded by an atmo»- 
phere which b of a higher temperature than itself; and as be- 
fi>re, if «*e can identify the lines, we can identify the elements 
of which the atmosphere u composed. 

A disciintinuous s|iectrum of bright lines, which b character- 
istic of crrtain of the nebulae, shows that the body producing 
it b a true gas. 

llie aUiNT statements make it evident that before we can 
decide what elements are piesent in the atmoephne of ifae sun 
or a star, ire muft have a complete set of the wave-lengths 
poruliar to all of the demmts on the eortli's surface. 

Ft\wi the secttod principle ef ^wctznxa analysb it follows 
that in tirtler to present a ^lectnm of Mpumte bright Unes, the 
siihflanre muri be tM the fcim of aa ivaDdesreDt gas. Some 
ckenKnta, such as hydnflca aad osnoL exist as p«nnaiieiit 
gMaa, hat olh«o MHl ba M^Mlod to hnt in ottkr to beooine 
'Wkiahli. Hn ttav«te« at vUdithBoeeuis varies irith 

W«nfiK\v<f«l in onVr to rcadv tkcn i»rMitrirfl 

FNrthmiKMvs, the mxvwhI pHt«f tUsitat^ tftales that the 
Km* JH the fficcfntm are tW anw aaiv Ik ane coaditkMkfl 
olhWl|^^■o^<w»^^p■«^■il^■■^^p^^^hi^t»halAecB■^ K tMP■ 
M»<lM«f^ d»afi|pWMM*«f flw 9«li^ <faBCea»bik 

Ik vww xd ttmehcte, ft 'hiriwiiiii ■iiiiiiMq to Bake tha 
ImM^prtiM wtj- whMotiw <*4 to ^«Cr &e <noAims of 

. irt lya kted kw Wm «H<M «k A«i« ^^ 7«MS and the 

mm^mctkH oT faM m tfe OMuwm ^cctoa af the AmaO* 

My ^ MK oMffteMr kM«K »» Mt •■ of the 
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' possible variations of temperature and pressure have been 
applied to them. Neither have all of the effects which we see 
in stellar spectra been obtained, because we are unable to re- 
produce even approximately the conditions which exist in the 
stars with their enormous masses and small densities. The re- 
sults which have been obtained are so varied and in some cases, 
so unexpected, that it is not yet possible to state general rela- 
tions in a definite form. At the same time certain facts are 
well substantiated and those which bear directly on our sub- 
ject should be noted. 

The several methods of rendering a solid substance lumi- 
nous may be divided into the following classes, the order 
representing the relative temperature; the Bunsen flame, the 
oxy-hydrogen blowpipe Same, the electric furnace, the elec- 
tric arc, and the electric spark of different intensities. For 
the gases, still another method is used: they are confined in 
vacuum tubes, and made luminous by the passage of a spark 
nnder low pressure. 

The spectra produced by these means are in general of two 
kinds, banded and lined. The former usually consists of a num- 
bCT of bands, each having one bright edge and gradually di- 
minishing almost to darkness in the direction of the other edge. 
Under high dispersion each band is resolved into numerous 
slender Unes, very closely packed together, among them being 
at certain rhythmic inter\'ttls, brighter lines, giving the effect 
of a fiuted column brightly illuminated so that the grooves are 
in shadow. From this appearance is derived the name "chan- 
neled" or "fluted" which is often applied to a spectrum. 
Band spectra arc produced by compounds, such as titanium 
oxide, and also by elements at temperatures below that neces- 
sary for the production of lines. Perhaps the most beautiful 
banded spectrum is that due to carbon, which is produced 
when the simple arc light is examined with a spectroscope. 
As this also appears whenever the arc is used in producing the 
spectrum of any other substance, a knowledge of it is of ex- 
treme importance, and hence it has been very extensively 
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^*^^"TS A long steady column of vapor can be oB^ 




? without altering other conditions, the spec- 

g trum gives almost as many lines as the are, 

3 the control of the conditions is greater, so 

that changes in pressure can be observed, 

S and the effects of absorption may be inves- 

- tigated by using a source of white light 

behind the vapor in the furnace. The labo- 

g ratoo' of the Mt. Wilson Solar Observatory 

H is pro\'ided with an elaborate equipment 

for studj-ing the spectra as produced by 

the electric furnace, and its connection with 

the Obser^'atory makes its work bear di- 

■% rectly upon the problems presented by solar 

^ and stellar spectnxscopy. 

Another important problem connected 
with the studj- of stellar spectra has to 
do with the shifting <^ the lines due to 
motion in the Une ct sight. This is ei- 
S pUised by Ik^pler's i^inciple, which will 
3 be trrated fuUy in the chapter on spec- 
troscofnc binaries. 

cusaincATios or btellas spbctha 
Tbe sext step will be to classify the 
qivctraof the stars, since it has been found 
tiutt cerUin types of ^lectn are character- 
istic of certain types ot variable stars. 
Prdiininaiy to this, it will be ct much b«- 
wHmmx to cm first • descr^ttioa of the 
^ iVVdnm «r tlw an. since the liiHs and 
" yn* vUtk M* noet prtmuBeiit in it are 

« liii«lk> «f Ifat 1^^ fan. wd of the 
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Btrongest line in each group. The relative intensities and the 
sources of the lines are also included. 

A, a group of heavy lines in the extreme red. 
I a, a group of fainter lines following A. 
I B, a third group of lines in the red. 
F C, a single line in the red toward the orange. 

D„ D„ a pair of lines close together in the yellow. 

E, a group of fine lines in the light green. 

b,, b„ b,, a group of three sharp lines farther on in the 
green. 

F, a single line in the bluish green. 

Hy, a single line in the blue, closely preceding the following 
group. 

G, a strongly marked group of lines in the blue. 
g, a single strong line in the violet. 

h, s single line also in the violet. 
H, K, two very heavy lines in the extreme violet. 
These dark lines are known as the Fraunhofer lines, for it 
r was he who first studied them and gave them their names. 
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so TEIE STUDY OF VARIABLE STABS H 

The earliest classification of stellar spectra is due to Father 
Secchi, an Italian astronomer stationed at the Colle^o Ro- 
mano. It was published in 1849, but he was not the first to 
perceive that differences existed, for Fraunhofer, in 1883, had 
already recognized the fact, Secchi'a classification, which was 
made with a small telescope, rests on a study of the visual part 
of the spectnim, and includes only stars with absorption spec- 
tra, i.e., those showing dark lines. It may be briefly described 
as follows : — 

Type I. This is characterized by the presence of four very 
intense lines identified as belonging to hydrogen. The contin- 
uous spectrum is rich in blue and violet hght and the stars 
are therefore white in color. Sirius is the most brilliant ex- 
ample of the type, for which reason it is frequently called the 
Sirian type. Vega and Regulus also belong to this type. 

Type II, This has a spectrum resembhng that of the sun, 
consisting of many fine lines, with the predominating H and 
K. It is called the solar type, examples among the bright stars 
being CapelJa, Pollux, and Arctunis. Since the lines are quite 
thickly massed in the blue end of the spectrum, the resulting 
color of the stars is yellowish. 

Type III. This type is marked by the presence of bands 
which are sharply defined on the side toward the violet and 
shade away toward the red. There is strong general absorp- 
tion in the violet end, hence the stars in this class are pro- 
nouncedly reddish in color. Betelgeuse is the typical star. 

Type IV. These stars are also characterized by bands, which 
however shade toward the blue instead of the red. They are 
also very red, but are quite faint, the brightest being not more 
than fifth magnitude. A typical star is 152 Schjellerup. 

At a later time Pickering suggested the addition of a fifth 
type which should include stars having bright lines in their 
spectra. This is known as Pickering's Type V. 

While this classification was generally satisfactory and is 
still used for quick reference, i* depended eoUrely upon vis- 
ual observations made with a i&B 
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power. When the photographic process was employed for re- 
cording stellar spectra, the resulting plates showed that in 
general Secchi'a classiBcation held, but that it was susceptible 
of many fine gradations which could be arranged in such a way 
as to show an orderly development from one type to another. 
The principal fact upon which the new classification was based 
was that certain groups of lines seemed to appear together 
and to act in common, that is, to grow more intense together 
or to grow faint at the same time. This does not mean that the 
lines in a given group all have the same intensity, but that all 
change in the same fashion. The classification, which haa 
received the general approval of astronomers, was developed 
at the Harvard Observatory and is based upon the study of a 
great number of spectrograms. A detailed account of it is 
given in volume 28 of the Aniuda, and was prepared for pub- 
lication by Miss Annie J. Cannon, who has had a larger 
experience in dealing with stellar spectra than any other 
astronomer. Starting with the spectra of nebulae, which con- 
tain bright lines and are supposed to he at the earliest stage of 
development, and continuing with the bright line stars, the 
groups, which are denoted by letters, succeed each other in 
order through the white stars to the yellow and red. It hap- 
pened that beginning with Secchi's first type, the separate 
groups were lettered before they were put in the order of their 
evolution, and the bright line stars were studied last, hence 
the letters when arranged to show the order of evolution do 
not follow the alphabetical order. However, this does not 
cause any particular inconvenience. 

Before giving the letters, it is desirable to state on what 
basis the new grouping was made. Miss Cannon selected sev- 
eral groups of lines which act together as described above and 
which vary in intensity in passing from one type to another. 
They are briefly as follows: (1) the hydrogen series, which 
includes not only the four lines in the visible spectrum but 
an extension of them into the ultra violet; (2) a secondary 
*^-^-- m series, known as the Pickering series, found in the 
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spectra of certain stan, and not known terrestrially; (3) the' 
Orion lines, which include hehiun, a few lines each of nitrogen, 
oxygen, silicon, etc., with some additional strong lines due to 
unknown substances; (4) the calcium lines H and K, which 
are so intense in the solar spectrum; (5) aolar lines, including 
lines from many metals; (6) group G; (7) a group of bright 
bands of unknown origin. 

The classification depends entirely upon the presence and 
varying intensities of these groups of lines and upon the gen- 
eral absorption in the spectrum. It b briefly described below, 
the classes being arranged in the apparent order of develop- 
ment. There are subdivisions intermediate between the sep- 
arate letters which are indicated by letters or numbers on 
the scale of ten. The main divisions in order of evolution are 
O, B, A, F, G, K, M. The correspondence with Secchi's types 
is as follows: O, Pickering's fifth type; A, B, Secchi I; F, I-II; 
G, II; K, II-III; M, UI. Secchi's IV is N, but there is no 
connection between it and type M, hence it does not belong 
to the series. The detailed description of each class will now 
be given. 

Oa-Oc are bright-line stars. They contain one or both of 
the hands (7) just mentioned and a few bright lines, princi- 
pally of the two hydrogen series. Od has the bright bands, and 
dark lines of both hydrogen series of strong intensity, Oe is 
similar to this with more dark lines. Following this O group b 
a subdivision which is plainly intermediate between the O 
and B groups, as in it the bright bands have disappeared, leav- 
ing only dark lines, of which the hydrogen and helium lines 
have about the same intensity as in class B. This is called 
Oe5B. 

Class B has ten subdivisions designated as B, BIA, B2A, 
etc., which are often abbreviated as BO, Bl, B2, etc. They 
are marked by the diminishing intensity and early disappear^ 
ance of the secondary hydrogen spectrum, by the increasing 
strength of the usual hydrogen series, by the diminution oi 
helium and other Orion lines, and toward the end of *^- 
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by the entrance of faint solar lines, so that in B8 and 69 solar 
and Orion lines are intermingled. 

Class A has fewer subdivisions tlian Class B; these are A2P, 
As, and A5. The typical star of division A is Sirius, which is 
marked by very intense hydrogen lines. These extend in some 
stars as far as Htr. The helium lines are entirely gone; the solar 
lines are present and increase in intensity toward Class F. 
The calcium line K. which is faint, increases also in intens- 
ity, until it antpasses HS. The calcium line H is so nearly 
coincident with He that the line observed is a combination of 
the two. The hydrogen lines decrease in intensity as the class 
advances. 

Class F represents spectra in which the bands of H and K, 

I calcium, are the most conspicuous features, and the hydrogen 

I linea are more intense than any solar lines. The gradations 

between this class and the next are F2G, F5 and F8, Certain 

lines in band G appear and increase in intensity, but the band 

is Dot well marked. 

Class G contains stars with spectra in which the lines H 
and K of calcium and the band G are the most prominent 
features, while the hydrogen lines are still as intense as any 

faingle solar Unes. 
Class K represents spectra of the advanced solar type, tn 
vhich the bands H and K, G and the calcium line 4227 or g 
are the most conspicuous features, the end of short wave-length 
is faint, and the distribution of light in the spectrum is not 
oniform. The hydrogen lines are fainter. Intermediate between 
G and K is GsK, and between K and M are K2 and K5. 

Class M includes the banded type. Its two divisions are 
Ma and Mb. A third subdivbion, Md, includes stars of this 
type which occasionally have bright hydrogen lines. 

In tracing the development of the classes from one to the 
next, the progressive changes may be described as follows: 
There first appear broad hazy bright bands (7) which finally 
disappear. Simultaneous with them are bright hydrogen lines 
of both series which become narrower and finally give place 
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to (Iftrk liyrirogcn lines of both series. The principal series in- 
cn^Bsea in intensity, reaching its maximum in type A, after 
whirl) it tltTiilDishes, becoming less and less conspicuous until 
in class M the lines are fainter than many of the solar lines. 
The second series of hydrogen lines reaches its maximum in- 
tensity in Od and then quickly disappears. As the bright 
bands (7) disappear, the Orion lines appear, increase in in- 
tensity, tVAching a maximum in B2 and B3, then diminish 
and in A are hardly visible. The calcium line K appears in 
('laaa A. and increases in intensity until together with H it 
dominates the spectrum. The other solar lines which appear 
faintly in type A become more and more strengthened, par- 
ticularly band G and the calcium line 4227. Finally the spec- 
trum becomes banded. 



CONNBCriON BETWEEN SPECTRAL TYPE AND TTPB OP 
VARUTIOS 

Ci^sa I. Temporary stars have always the same type of 
Bpectnmi, which consists of bright and dark bands of hydro- 
gen and helium side by side. In addition are usually seen the 
1> lines of sotlium und the H and K lines of calcium. The most 
striking characteristic of the spectrum is the great displace- 
mejit of the bands, the dark ones being shifted toward the 
violet end of tlie s|)ectrum and the bright bands toward the 
ffd. Kine liuca n>aj" also be detected with v«y bright novae, 
•nd n>»n,v changes take place in the spectra. However, this 
subin.-t has Iwcn treated so fully elsewhere that we need not 
RfMkt the facts here. It is sufficient for the present purpose 
to stfttc that the si>ectrum of dark and bright bands, with the 
t dewrtbei.) abm-e. alwa^-s is indicative of a new 
star, anil that vhenex-er such a spectrum has been found on a 
phologT«|)luc pUte. and the photonietnc history of the star 
has been inxtist^ted. it has lice« ptw\ied to be a new star. 

It Kbo4ikl be wlded. tlwt la tvo c»9es • new star has been 
c«iU]:1)t ekrly enov^ w its lurtuy to sbov « ififfERnt t>-pe of 
9{>ecti\ua, for • biial Hum q^.m tke t^pioal a^Mct has devel- 
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oped very quickly. These stars are Nova Persei, 1901, and 
Nova Geminorum, No. 2. 

Class II. Long period variablea. The spectrum is willi strik- 
ing uniformity that of Secchi's tj^je III or Harvard M, but 
showing bright hydrogen lines at maximum, whenever it has 
been photographed at that time. This fact is made use of in 
the discovery of long period variables, just as the banded spee- 
trum of bright and dark bands is made a test for temporary 
stars, and when a third type spectrum is found with bright 
hydrogen lines, the star is marked as a suspected \'ariable and 
subjected to further investigation. The spectrum is also made 
use of in separating variables of Class II from those of Class 
IV, for as stated earlier, the dividing line is not based entirely 
on length of period. So far, the variable in Class I\' having 
the longest period is SS Geminorum with a period of 45 days, 
and the variable of Class II having the shortest period is SZ 
Cassiopeiae with a period of 50 days. If a variable were to be 
found with a period of 40 days and a spectrum of type HI 
it would be placed in Class II, not in Class IV, A few vari- 
ables of Class II have continuous spectra or the spectrum of 
Class N. 

Class III, Irregular tsariables. With few exceptions these 
have spectra of Class M or N and hence are supposed to be in 
a very late stage of evolution. Their irregularity is thought to 
be due to the fact that the forces which cause the variation 
are dying out. Hence no star would be placed in this class, 
which has a spectrum of a much earlier type, but if it ap- 
peared to be irregular, it would rather be classed as unknown. 
One well-known illustration is u Herculis, which was men- 
tioned in the section on the classification of variables. This 
star had for several years been known to vary with a small 
range, and was called irregular, but later it was found to be 
of the ff Lyrae tjpe, having a period of 2.05 days. 

Class IV. Sfuni period variables. The Cepheid stars of this 
type have spectra mainly of Class G or F. Stars belonging 
to the (3 Lyrae subdivbioD have spectra of an earUer type, 
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B or A predominatiDg. $ Lyrae itself is one of the most in- 
teresting and baffling stars in the sky. Its spectrum is of the 
B type, but it has bright and dark Unes of the same elements, 
particiUitrly hydrogen and helium. 

Class V. Algol type. The stars in this group also have an 
early spectral type, A and F predominating. 

The data upon which the last section has been founded have 
been taken largely from the tables in H.C.O., Annals, vols. 
55 and 56, though some material has been found in the cur- 
rent periodicals. 

It has been the purpose in thb chapter to give a general 
survey of the facts necessary for a reasonable understanding 
of the many technical references that must be made in the 
auccecding chapters. Many points have been touched upon 
which will be treated fully at a later time, but a preliminary 
knowledge of the meaning of stellar variation, of the different 
classes of curves, of the types of stellar spectra and their rela- 
tion to the different classes of variables was considered essen- 
tial by the writer. 

[Note. — Among the seven sets of lines which Miss Camion de- 
scribes in giving the basis of the Harvard classification of stellar 
spectra, there are two which merit special attention on account of 
some recent investigations concerning them. These are (2), the Pick- 
ering series of hydrogen found in i Puppis, and (7), the bright bands 
of unknown origin. Both had been ascribed to hydrogen, but it was 
thought that they were produced by that element under conditions 
which could not be duplicated terrestrially. Quite recently. Fowler.' 
at the Solar Physics Laboratory at South Kensington has obtained 
the bright bands (7) and a few lines of the series (S) by passing a 
itroag condensed discharge through a mixture of hydrogen and helium 
in a vacuum tube. It is not possible to give here anything further b 
regard to the experiments except to quote his final words, which are 
extremely interesting and satisfying to the astronomer. "The pro- 
duction of the new lines gives a further indication of tlie probability 
that there are no special kinds of matter in celestial bodies, and that 
most, if not all, of the celestial spectra are well witlua range of la~ 
tory eq>eriments." 

■ Mm. Not. BU£^ % 
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Whether the lines belong to hydrogen or helium is still a moot ques- 
tion. Theoretical considerationa connected with series of lines in 
spectra seem to point to helium as being their source. In fact, one 
oif the lines was found in a tube which contained helium ^ but not 
hydrogen. The matter cannot yet be considered as settled experi- 
mentally.] 

1 Evmni^ Nature^ Sept. 4^ lOlS, p. 5. 




CHAPTER n 

STAR CHARTS FOR GENERAL USE 

Star charts intended for general use by astronomers maj 
be divided into two classes, those which are suited for iden- 
tifying the lucid stars and those which are prepared for tde- 
•copic work. In the first class may be found the well-known 
atlases of Heis, Schurig, Klein, and Upton, and in the second 
the great Durchmusterung of Argelander (which deserves to 
stand in a class by itself), and printed charts covering special 
regions of the sky such as the Pkuris Ediptic Charts. 

The first modem set of maps prepared for convenient com- 
parison with the sky were from the hand of Argelander, who 
piihliaheil in 1843 his atlas which he called the Uranometria 
NtWiO As the name implies, its chirf purpose was to give the 
rt>mH^t magnitudes of the stars, but this was not its only one, 
as the iutnxluctoiy sentences state: **A11 of the star charts 
which we |xv»ess up to the present time, are lacking in two 
im|Hvrtant it«|>ects; — the magnitudes of the stars depend 
U|H\u e^timatii^s which have been made at the telescope by 
aJltnvuouH^rs while in the process of detotnining their positions, 
mu) Mt" f\vr the nuv^t part quite eironeous. There are also lack- 
ii\|{ quite a number c^ the lighter stars while many of the 
t«uuter \MKtii are inchided« Both t<^gelher often change the 
\\>i\»tt4latkMVjt »^\ ciHixpk^Wy that one cmn scarcdy follow the 
\^rt«^ IVM^KHiUr^- in it^His which ar^ poor in the brighter 
»tar9k It i» the |Hir^x>«c of the |«eseiit charts to supply this 
Miiaut a» (Wr a^jfc (xx^iabK K>r tKoda^ in middle Eurc^ who wish 
t\> \>K>ticrw 3ttAr* YVJuiMr K^ the isttk^l ^jre.** 

t^coic fAu^m:^ cKaH:k wluch aK^ w>w nmt of print and have 
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been superseded by other more modem ones, are worth know- 
ing about, because they were the basis of so much later work- 
in appearance they resemble the maps of Heb. and are ac- 
companied by a book containing an account of the method ot 
forming the charts and a catalogue of the stars found on them. 
Argelander's method of determining the star magnitudes, 
which is the most important part of the work, will be de- 
scribed in Chapter V. 

The atlas of Heis,' which was modeled after the Nova Urano- 
metria of Argelander, consists of thirteen plates representing 
the sky as far south as —SO" declination, and including stars 
as faint as 6+ magnitude. The Milky Way is very carefully 
represented on this atlas in five degrees of density. It also con- 
tains the figures of the constellations faintly outhned in red, 
artistically drawn, being copied from the Famese globe in the 
Naples Museum, a cut of which appears on the title-page. The 
magnitudes of the stars are represented by different symbols, 
as is customary. Accompanying the atlas is a catalogue with a 
Latin introduction in which the author pays a tribute to the 
vir iUiuitrisximua Argelander. with whom he had been associ- 
ated in the study of variable stars. The magnitudes were 
deduced from Heis's own observations, which extended over a 
period of twenty-seven years. As he had remarkably clear 
eyesight he was able to include many stars not ordinarily seen, 
so that on his maps there are 5421 stars, being 2153 more than 
Argelander represented in his Vranometria, The atlas was 
published in 1872. Unfortujoately, it is of a shape which ren- 
ders it a httle unhandy for common use, and its expense re- 
duces the demand for it- Furthermore, the right ascensions 
and declinations are for the year 1855, the former being ex- 
pressed in degrees instead of hours, which makes it incoa- 
venient for ready use at the present time. 

Schurig's atlas, which is intended for the same purpose, is 

arranged much more conveniently, is less than a quarter the 

price, and a second edition published in 1009 contains many 

■ Eduard Hcia, Allai CodettU Norut. Coelu, 1872. 
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desirable improvements. The principal facts stated in the 
preface may be summarized aa follows. The positions of the 
stars are for the equinox 1925.0. Their magnitudes are taken 
from the Potsdam Pkotometrie Durckmusterung and in the 
southern zones from the Harvard Photometry. Many nebulae 
and star clusters are included, also variable stars and doubles. 
There are symbols for the magnitudes and thirds from 1 to 
6^, or 17 in all. The Milky Way is represented in several de- 
grees of brightness. The stars are printed in black, their 
names and the boimdary lines of the constellations in red, so 
that the maps are well adapted for use at night with artificial 
light. There are eight maps in all, which cover the entire 
heavens. 

While the magnitudes on such maps are not to be consid- 
ered in any sense as definitive, it is an added convenience to 
have them assigned with care so that they can be used by a 
beginner in testing his power to distinguish different d^^rees 
of brightness. Their principal use is for the observer with a 
portable telescope which has no circles for setting. He must 
be able to connect a prominent star in the sky, through some 
definite configuration which can be picked out on Schurig's 
atlas, with the group in the field of his telescope containing 
the variable. Further discussion of this point will be given 
in the chapter entitled *' Hints for Observers.*' 

Upton's Star AtUu is intended to serve the same purpose 
as the others. It has the advantage of being published in 
America and hence is more easily obtainable than Heis or 
Schurig. Only whole magnitudes are represented. There are 
six maps covering the entire heavens. 

The Bonner Durchmiuterung is the chief member of the 
second division of maps, and contains 8^,000 stars includ- 
ing those as faint as the ninth or tenth magnitude. It is in 
two distinct parts; — the northern Durchmusterungy prepared 
by Argelander, which extends from the north pole to declina^ 
tion — 2^ and the continuation of it, which was completed by 
Sch5nfeld, and extends from —2^ to —23^ declination. Since 
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the Bonner DuTchmustemng is oae of the most valuable pieces 
of astro QomicaJ work ever executed, it has seemed worth while 
to the author to give a somewhat detailed account of its con- 
etptioD and formation. It consists of both star catalogues 
Bod charts, and is of such great vatue that wlien the supply 
became exhausted many years ago the question of issuing a 
second edition was seriously agitated. This was finally ac- 
complished and new charts were published in 1899, beJug 
dedicated to Argelauder on the hundredth anniversary of his 
tuKb, which occurred on March 82, 1799. The reprint of the 
catalogue was published in 1903. The description of the forma- 
tioa of the catalogue and charts b taken from Argelander's 
introduction to the first edition, the dates of which are 1859 
*iidl863. 

The idea of making an extensive chart of the heavens was 
first suggested by Bessel in an article in the AslronomMche 
yachricltten' for 1822, wherein he calls attention to the His- 
toire CeUeta of Lalande, a catalogue containing 50,000 stars 
down to the eighth magnitude, for the epoch 1800. He adds 
that this should be extended so that there may be a complete 
catalogue, with charts, of all stars within certain limits down 
to the ninth magnitude, the principal purpose being to assist 
in the discovery of new minor planets. He did not think it 
necessar>' that all of the star places should be determined by 
meridian observations, but suggested that as many as possible 
be located in this way and that the others be inserted by eye 
estimates on the charts. Bessel entered upon the execution of 
this scheme with the assistance of Argelander, then only 
twenty-two years old, not with the expectation of completing 
the 8ur>'ey, but for the purpose of trying the plan and seeing 
bow easily it could be carried out. As a result of his experience 
became to the conclusion that he would be unable to complete 
it himself, and asked the co-operation of other astronomers. 

In 18*5 he again wrote to the NachriclUm,^ this time making 

quite definite proportions and begging other astronomers to 

' A.N.. 17. • A.y.. 88. 
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join him in the work. His plea was the more urgent since }as 
accomplished assistant, Argelander, had left Konigsberg ta 
become the director of the observatory at Abo, and he him- 
self was engaged in other work. A copy of his preliminary 
chart accompanied his article. 

It was this plan of Bessel's, so Argelander states in the in- 
troduction to his charts, that induced him to undertake the 
DuTchmuateTung. The making of the catalogue necessarily 
came first. He desired at the outset to have the charts estend 
as far south as the tropic of Capricorn or 25° south declination, 
but the atmospheric conditions at Boon did not permit of 
this. He then limited himself to the northern heavens, but 
included the zone of —0° to —2° in order to connect with similar 
maps, which would be made, so he hoped, by observers in the 
southern hemisphere. He intended the positions to be so ac- 
curate that the error would not exceed one minute in either 
co-ordinate, and that thus each star on the chart would easily 
be found again with a meridian instrument. ^VIl large errors 
in previous star catalogues should be carefully looked for and 
eliminated. He preferred not to follow the method previ- 
ously suggested of plotting the positions of stars from the 
catalogues already known and inserting other stars by eye 
estimates. He gives several reasons for this, the chief one 
being that the method of observation was too exacting on the 
eye of the observer, owing to the constant changing of the 
illumination in looking from the lighted chart to the dark field 
of the telescope. Furthermore, the resulting positions of the 
stars would not be accurate enough. He determined, then, 
to obtain the positions of all the stars with a degree of accur- 
acy which should be equal and suited to the purpose before 
him. After some experimentation he adopted the following 
method of observation. 

A Fraimhofer comet seeker of 34 lines or 3 inches aperture 
and two feet focal length, furnished with an eyepiece magnify- 
ing ten diameters, was installed in the south tower of the 
observatory. A special eyepiece was constructed for it, in the 
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Focus of which was placed a semi-circular piece of thin glass 
oriented in such a way that the straight edge or diameter 
formed an hour circle. In the telescope it appeared as a thin 
dark line which in the complete absence of artificial light could 
be seen by the faint illumination due to starlight alone. Per- 
pendicular to it was drawn a radius at the middle point, and 
parallel to this on either side at intervals of 7' were drawn ten 
shorter marks, every third one being a little longer, to allow of 
easy discernment. These were not readily seen in the dark 
field, and were made visible by being drawn with thick black 
oil paint, which made them rather broad and hence likely to 
cause some error, but one which was considered to be less thaji 
the error of observation. 

The observer, who was called "A," assumed as comfortable 
an attitude as [wssible in placing his eye at the telescope, no 
change in his position being required, as the stars were always 
observed in narrow zones. There was no artificial light in the 
room, and the eye was protected against the light from the sky 
by means of a dark cardboard screen which surrounded the eye 
end. Under the observing room was another room in which 
was a sidereal clock before which the assistant " B " was seated. 
Only a simple board floor separated the two rooms, so that a 
sound could easily be heard from one to the other. When the 
work was ready to begin, the telescope was set for the proper 
declination and right ascension; the obser\-er seated himself, 
and the assistant withdrew from the room carrying the arti- 
6cial light with him. On a table close to the observer was 
placed a pile of papers, each fitted with a rack dividing it into 
five vertical columns, so that the observer "A" could pick it 
up in the dark, and write in the columns, running his hand 
down the forms without taking his eye from the telescope or 
se^g the paper. Another compartment of the table was 
reserved to place them in when finished. 

In making the observation "A" called out to "B" the mag* 
nitude of the star and the instant that it crossed the hour 
circle. He himself wrote down the declination north or south 
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of the mid-line of the field, and made any other necessarj' notes. 
When a paper wos finished, he gave notice of the fact to " B," 
who drew a line across his own record, and the same was done 
when anything happened to disturb the observer and make 
him pause. This kind of observation proved to be bo exacting 
that the observers could work at it for about an hour, or at 
most an hour and a quarter, when it became necessary to 
change. When "A" gave the signal for stopping, "B" pulled s 
bell which rang in another room where two other obser\'ers 
were waiting to take their places. While waiting for them to 
arrive, "A" read thecircles. The first pair then retired to the 
other work room, went over their two records together, to see 
that everything was in agreement, and to clear up misunder- 
standings if possible, while their memories were still fresh from 
the work. 

This brief description of the method pursued by Argelander 
and his assistants shows how it was possible for him to achieve 
sucJi an enormous piece of work in so short a time. The first 
section of the catalogue, containing 110,985 stars between the 
limits —i" and -\-iO° declination, was published in 1859; the 
second, containing 105,075 stars, between ZO" and 40°, in 1861; 
the third, containing 108,129 stars, between 40° and 90°, in 
1862. The epoch is 1855. The charts were finished in 1863. It 
is of course impossible that in such a piece of work there should 
be no errors. Argelander himself refers to the probability of 
their existence, but states that as the papers were arranged in 
the most complete order, and carefully preserved in the librarj- 
of the observatory, he hopes that they will be freely used for 
reference in all doubtful cases. 

The astronomer of to-day is fully aware how this wish has 
been fulfilled, and one frequently sees in the Astronomische 
Nachrichten letters from Professor KUstner, the present director 
of the observatory at Bonn, written in response to inquiries 
made by observers whose results may differ from those con- 
tained in the Durchmuslerung, in which he quotes the original 
records. An example may be found in the Astronomitcke 
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Nackriehten 4383, regarding the magnitudes of a star, and 
another in the Astronomische Nackricklen 4386, in which there 
was some ambiguity about the positions of two adjacent stars. 

Mention should be made of the limiting magnitude set by 
jVrgelander in his work. It was his intention to include all the 
stars down to the ninth magnitude in the region charted, all 
the brighter stars of the class 9.10, and as many more of this 
class as the circumstances would permit. That is to say, in a 
region where the stars were sparsely scattered, more of the 
fainter ones would be observed, but in richer regions, such as 
the Milky Way, perhaps not all even of the brighter ones of 
this magnitude would be included. As a result, the Durchmu3- 
iemng magnitudes below the ninth are not reliable. 

The arrangement of the stars in the catalogue may now be 
explained, and at this juncture the author wishes to state that 
the Durchmuxterung is thus fully described not only on account 
of its universal interest, but because observers of variable stars 
need to make frequent use of it in preparing their star maps, 
and hence will find directions for its use very convenient. The 
description should be used in connection with the catalogue. 

The catalogue is divided into zones one degree wide. Each 
page has five similar columns in which the stars are separated 
into groups of ten. The current numbers comprised in any one 
column are printed at the top of it, and hence need not be given 
for the individual stars, but may readily be foimd by counting 
down from the top of the column. The division into groups is to 
facilitate the identification of a star. 

For example, on the first page of the catalogue is given the 
declination of the zone. —1°, and at the heads of the columns 
aUnd the numl)ers 1-40, 41-80, 81-120, 121-160, 161-400. 
Number 136 in this zone will be found in the fourth column, in 
the second group, and will be the sixth star in the group. Stars 
in this catalogue are usually designated by the declination of 
the zone followed by the number in the zone, the number being 
preceded by the letters BD; for example, the star just mentioned 
is BD —1° 186. The one referred to in Aatronomiadu Nack- 
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ricktm 4383 U BD +34° 4598. Under the current numbers 
stands the hour of right ascension. Each of the five columns of 
stars on a page has itself four columns of numbers. The first 
gives the magnitude, the second the minutes and seconds of 
right ascension, which, contrary to the modern custom, are 
indicated by the strokes ' and " instead of the letters m and s. 
The right ascension is given to tenths and not hundredths of a 
second. The next column gives the minutes and tenths of 
declination, the degrees standing at the head of the column. 
The fourth column gives the references to other star catalogues, 
each one being represented by its particular abbreviation. At 
the head of each page in bold type are the degree of the zone 
and the hour of right ascension. For example the data concern- 
ing star BD -1° 136 are 9.5 mg.. Oh 56m 9.«s. -1° lO'.fl. 
No letter of reference is given, hence the star cannot be found 
in any other catalogue. 

Since the charts also are in very general use, a description of 
them will probably be of se^^'ice to the beginner. They are 
printed on sheets 30 x 21 inches and are in four zones with one 
circular map for the polar region, numbering forty sheets In all. 
The first tier covers the region from —2° to +20°, or an extent 
of 22° in declination; the second 19° to 41°, the third 40° to 61°, 
the fourth 60" to 80° and the last one 79° to 90°. Each chart is 
covered with a network of lines which are one degree apart in 
dechnation and four minutes of time in right ascension on the 
first three tiers of charts, and eight minutes on the fourth. On 
the first tier, the network is square, the side of each square 
being 20 mm. On the other tiers the hour circles are closer 
together and converge according to the cosine of the declina- 
tion. In right ascension they overlap one tier, or four minutes. 

A particular use of the charts is for locating a star and giving 
the configuration of the surrounding region. In order to locate 
a star we must first find the square in which it occurs. The 
aides of the square being four minutes apart in right ascension, 
the star will be included between two hour circles which are 
multiples of four minutes. After the square has been found, the 
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star may be located by proportioDing for the difference in right 
ascension and declination, or more easily by counting directly 
from the preceding side of the square, as will be seen from the 
following example. 

The star BZ)-!" 277, 
8.3 mg.. Ih 26m 10.3a, + 
1" 50'. 3 lies in the square 
between 1" and i° declin- 
ation and in right ascen- 
sion lb, between 24m and 
28m. On referring to the 
catalogue, we find that 
the first star in this square 
has declination 50'.6. Fol- 
low the stars in the square 
in order with a pointer 
in the right band and 
the stars in the catalogue 
■ with another pointer in 

e left hand. The second 
: in the square has declination 20'. 2, the third 51'. 6, the 
■fcurtb 52'.8, the fifth 17'.4, the sixth 17'.6, and the seventh, 
which is the one desired, 50'.3, 

The size of the dot shows that it has the given magnitude 
8.3. After many years of experience in using these charts for 
many different purposes, the writer has found this to be the 
quickest way to locate a star and the one least liable to error. 
If it should happen that only the position of the star is given 
and the catalogue is not at hand, it would be necessary to use 
the first method and to locate the star by proportioning. 

On the charts the variables which were known at the time of 
Argelander are marked with the abbreviation var. The size of 
the dot represents theaverage magnitude at maximum. Double 
stars are indicated by a line drawn under the star. 

The work was begun in 1852, continuing seven years and one 
month, and during this time 1S41 zones were observed on 625 
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DM. and cover the degrees in declination from —22° to — 42*,1 
in a series of twelve maps which liave already been distributed 
to the observatoriea. It is to be hoped that the survey will be 
completed by being extended to the South Pole, 

A very valuable series of charts which are useful to workers 
on faint objects are those prepared by Palisa and Wolf. The 
purpose of these charts and their description can be best under- 
stood by reading the statement of Palisa in the Astrophysical 
Journal, vol. 28, p. 86: — 

Professor Mas Wolf of Heidelberg has much facilitated my taak 
of finding and observing small planets, especially those of the faiotest 
magnitudes, by sending me copies of hia photographs; so that now 
it takes me only about one-fourth the time formerly required to find 
them. This suggested to me the idea that it would be a great advan- 
tage if the photographs of the Heidelberg Astrophysical Institute were 
made available for every observer in a form suitable for immediate 
use. As Professor Wolf had intended at a later time to collect his 
photographs and join them in a map, he kindly offered to furnish 
positives free of coat. On these positives a reseau is then carefully 
cut, the curvature of the parallels tteing determined by the stars 
themselves. Each plate covers fifty square d^rees, the scale being 
36 mm. to the degree. Contact prints are then made from the posi- 
tives on smooth but not glossy bromide paper; and the necessary 
text, including the numbers for right ascension and declination, is 
then printed on the sheets, which admit of pencil entries and erasures. 

I have not attached a scale of magnitudes to these maps for two 
reasons. On account of different exposures, disks of equal size do not 
represent the same magnitude on different plates and even on a single 
plate the scale is not the same at the center and near the edge. 

Nine volumes of tliis work have been published, each one 
containing twenty plates, but though they might prove very 
useful for observers who wish to identify faint stars, tlieir cost 
is quite high and will interfere with their extensive purchase 
except by observatories. 

There are a few miscellaneous sets of charts containing faint 
stars, but they are usually quite limited in area and can only 
be used for special purposes. Among them may be mentioned 
the Paris Ediptic Charts, prepared by the Chaeomac and the 
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Hem? brothers; those made at Litchfield Observatory in 
Hamilton, New York, by C. H. F. Peters, and tliose of the 
CarUdu Ciel.^ 

The close of this chapter on star charts and their use seems 
an opportune place in which to refer briefly to precession and 
pve some directions for applying it. The precession of the 
equinoxes is a slipping westward of the equinox along the eclip- 
ilic at a rate of 50", 2 per year. It therefore changes the longi- 
tudes of all the stars, and consequently their right ascensions 
and declinations, \Vhen a catalogue is formed, the positions of 
all the stars in it must be referred to the position of the equinox 
for a certain definite time which is called the epoch of the cata- 
Ic^ue; for example, the epocli of the Durckmuslerung is 1855, 
while the actual observations extended from 1832 to 1862. In 
an exact catalogue the annual precession for each star in right 
ascension and declination is always given, but in some of the 
older catalogues this has been omitted, as is the case with the 
IhiTchmustentng. It is for this reason that the precession for 
ten years is given at the bottom of each column. It may be 
used for all of the stars in its column, because the positions are 
only approximate. The sign which is given to it is to be used in 
carrying the star forward from an early date to a later one, 
e.g., in taking it from the catalogue date, 1855 to 1900, which is 
the date of the Harvard Variable Star Catalogue. If a new 
variable were to be discovered in 1915 and its position deter- 
mined, and we wished to find if it were on Argelander's charts, 
it would be necessary to apply the precession for sixty years 
with the opposite sign in order to carrj- it back to the proper 
date. It is for this reason that some catalogues of variables 
^ve the star positions for 1855 in order to facilitate their loca- 
tion on the DuTchmuslerung cliarts. 

> H. H. Turner. TA* Great Star Map (E. P. Dutton U Co., 1918). con- 
it ol the (ocmBtiaa of Ihese impoiiuit cboita. 
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The present chapter deals with charts which have b 
lished especially for the use of variable star observers. The 
most important of them was prepared by the Reverend J. G, 
Hagen, S.J., during the years 1899 to 1008, the work being 
begun at the Geoi^town College Obsen-atory, Washington, 
and finished at the Vatican Observatorj% of which he is now 
the director. It would be impossible to overestimate their 
value. The introductioD, unfortunately, is in Latin, and many 
of the important points will ordinarily escape the reader, and 
hence it seems highly desirable to give a full and rather free 
rendering of the original text. However, on account of their 
technical character the following pages, beyond the opening 
paragraphs, will not be of particular interest to the general 
reader, being addressed rather to the specialist in variables, 
who has before him the charts and the accompanying catalogue 
sheets of this remarkable series. 

The title of the work is Atlas SieUarum Variabilium, which 
is abbreviated by Hagen as ASV, It is in six series, each of 
which consists of two portfolios, one containing the charts, and 
the other the catalogue sheets for the comparison stars. The 
selection of the stars included in each series depends upon the 
extent of their light variation. The first three contain stars 
whose minimum light is below the tenth magnitude. They are 
further divided into zones according to the declination. Series 
I, published 1899, contains stars lying between the declinations 
-25° and 0°; Series II, published 1899. 0" to +25°; Series III. 
published 1900, +25° to +90"; Series IV. published 1907, con- 
tains those variables the light of which at minimum is %'isible 
in instruments of moderate size, and for which both declination 
and magnitude are within the limits of the DM. charts; Series 
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V, published 1906, contains variables scattered over the entire 
sky, whose minimum light is greater than seventh magnitude; 
Series VI, published 1908, is supplementary to Series I, II, 
and m. 

The preface, which is the same for Series I, II, and III, con- 
tains the following descriptive statements. The heading of the 
charts contains all the material which is necessary for obser- 
vational use at night, and was taken largely from Chandler's 
Third Catalogue, after everything had been verified from obser- 
vations made at Georgetown. At the top is given the Chandler 
number; imder it the name of the star. The next line contains 
the right ascension and declination for 1900, with the annual 
precession. The fourth line contains at the left the color, reck- 
oned on the scale of 10, representing white, and 10 represent- 
ing red. Following this is a Roman numeral, which indicates 
the spectral type according to Secchi's classification. At the 
right are the magnitudes at maximum and minimum. On the 
lower margin of the chart is arranged a row of small blackened 
circles, indicating the magnitudes of the stars, and below these 
is given the number of the series. If the region of the variable 
is found on other charts, such as the Paris Ecliptic Charts, and 
the Clinton Charts of Peters, a statement to this effect is made. 

The chart itself, which is beautifully printed on heavy paper, 
represents a region of the sky 1° square, with the variable at 
the center, and is divided into two main parts. The centra! 
square, 30' on each side, contains nearly all the stars which are 
easily visible with the Georgetown telescope and whose light is 
as faint as that of the variable. The outer part contains all the 
stars in that region which are found in the DM. catalogue, and 
some additional stars, which are inserted where there is danger 
of misidentification. If a bright star is in the neighborhood, 
but a little too far away to appear on the chart, an arrow placed 
at the proper declination indicates its direcUon in right ascen- 
sion. Heavy lines separate the inner square from the rest of 
the chart, and finer lines form a network in which the squares 
are 5' wide. On the margin are printed numbers which indicate 



k. 




THE STUDY OF VARIABLE STARS ■ 

the distance in right ascension and declination, counted from 
the center. In the latter co-ordinate they are S' apart, but in 
right ascension the difference depends upon the cosine of the 
declination at the center. For example, at zero degrees they 
read: (T. 20*. 40*, 1", but at sixty degrees they read: OTiff, 
l'-t(f, 2"°, etc. 

Since the charts are made for use with the telescope, they are 
inverted in direction; north is at the bottom of the figure, east 
at the right, south at the top, and west at the left. The eastern 
part of the field is frequently called tiic following edge, and the 
western the preceding edge, since that b the order in which the 
stars move by diurnal motion. 

The variable is represented on the chart by a dot with a 
circle around it, the former indicating the magnitude at mini- 
and the latter that at maximum. 

The catalogue sheets containing the comparison stars ere 
printed on paper of about the same size as the charts. In the 
upper comer of each sheet is the number of the series. The 
material in the headings is again taken from Chandler's Third 
Catalogue. It contains the Chandler number, the name of the 
star, the position for 1855, and the elements, that is, the epoch 
and the period, the former being expressed both as a Julian 
Day and as the calendar date. The contents of the columns 
may be described as follows, being the same for all of the first 
three series. The first column contains the current numbers of 
the comparison stars, which are arranged in order of magnitude. 
The second colunm, headed "Gradus," contains the grades, or 
steps; the third column, the magnitudes which are deduced 
from the grades; and the fourth column, the magnitudes taken 
from the BD., when the star occurs in that catalogue. The next 
two columns give the quantities Aa and A5, or the differences 
in right ascension and declination, counted from the variable 
itself and referred to the epoch 1900. These differences, when 
added to the position of the variable for 1855, will give approxi- 
mately the positions of the comparison stars for the date of the 
DuTchmusterung, and hence will aid in the identification of the 
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■tars in the catalogue. The positions given on the Hagen Charts 
are for 1900. 

The brightness of the stars was not observed in such a way 
that the magnitudes could be immediately assigned to them, 
but without any photometric assistance the grade, or step, was 
estimated by which one star differed from another a little 
brighter or a httle fainter. In this way the brighter stars of the 
three series were compared, with a small instrument of 4.8 
inches aperture, between the years 1892 and 1895, and again 
with a larger instrument between the years 1895 and 1898, 
at which time the fainter stars were also observed. Thus the 
grades of the brighter stars were found by four independent 
determinations, and those of the fainter stars by two. These 
partial sequences were then put together in one series, and the 
stars arranged in order of grade from the brightest to the faint- 
est; and they are so placed in the list. The method of convert- 
ing the grades into magnitudes b of importance, since it is 
necessary to know upon what standards the magnitudes of the 
comparison stars are based before observations of the variable 
can be combined with those made with other comparison stars, 
Hagen makes it quite clear that he considers his magnitudes 
only relative, and not absolute, but he still believes that they 
serve the purpose for which they were intended. At the time 
when his charts for the first three series were issued, there were 
no photometric obser\'ations of faint stars, and not many for 
stars of the seventh and eighth magnitudes. The only standard 
which had any degree of uniformity was foimd in the magni- 
I tudes of the Durchmusterung. Therefore, he connected his 
■ grades with the magnitudes of the BD. stars which were found 
" on his maps, so that the two scales fitted together between the 
magnitudes 7.0 and 10.0. 

He derived by this means a formula which gave expression 
to the relation. For example, star no. 1, Series I, is S Ceti; his 
formula for converting the grades into magnitudes is, 

M = 8.9 -1- 0.071 (G - 17.8), 
m which G stands for the grade given in the second column, 
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0.071 is the value of one grade expressed in magnitudes, and 
8.9 is the magnitude for a star of grade 17.8. The use of this 
formula is continued for the very faintest stars. Each chart 
thus has a formula of its own, and it b only through the com- 
mon use of the BD. magnitudes that a uniformity of scale 
exists between the different charts. For stars below 10.0 mg., 
which is the lower limit of the BD., even this is not attained, 
for as the scale is extended downward, the lower limit of magni- 
tude will not be the same for all the charts, for several reasons. 
Firstly, the conditions under which it was obtained will not be 
the same, owing to the difference in altitude and atmospheric 
conditions, with the result that the lower limit visible with the 
Georgetown telescope of twelve inches aperture will vary from 
]1.5 to 13.5 mg. The light ratios, in passing from one magni- 
tude to the next, cannot be assumed constant without the use 
of a photometer. Furthermore, the Durckmusterung scale is 
probably not uniform all over the sky, and if the reference stars 
of 9.5 mg. or 10.0 mg. are too bright or too faint, the resulting 
magnitudes of the fainter stars will be similarly affected. The 
relative brightness, however, as indicated by the steps, will 
remain unchanged. The magnitudes were intended primarily 
for representation on the charts for purposes of identification; 
the observer need not use them in his observations or computa- 
tions. He need not even use the step values if he prefers those 
derived from his own comparisons, but they may be of ser^■ice 
at any time when photometric observations of a few comparison 
stars have been made, in order to find the relation between the 
photometric scale and the visual scale. They may thus be 
adapted to any scale. The process of adapting the Hagen 
grades for the first three charts to the Har^"ard photometric 
scale will be found in AnnaU, H.C.O., vol. 37, part n. 

The positions of the stars for the charts were determined 
with the aid of a semicircular glass disk in the eyepiece, so 
inserted that the diameter served as an hour-circle. On the 
glass were drawn perpendicular lines, so hea\-y that they could 
be perceived by the natural light of the sky. The scale was 
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divided into ten parts of 3' each. It will be remembered that 
this method was used by Argelander. The declinations were 
estimated to the tenth part of an interval, or O'.S, without 
haste, while the telescope was being carried by the driving 
clock, from which method an error of O'.S or perhaps 0'.6 can 
be expected in the dechnation. The right ascensions were 
determined by three observations on the chronograph, and 
probably, except in the case of the fainter stars, do not vary 
more than a second from the correct value. The amount by 
which the scale was inclined to the hour-circle was determined 
for the individual charts from many stars whose positions were 
taken from different catalogues already published, or from 
stars in the A.G.C., extracts from which were sent to Hageo 
before being set up in type, and also from observations made 
with the meridian instrument at the Georgetown Observatory. 
The epoch to which the quantities Aa and iS are referred is 
the year 1900. It is to be noted that the positions of the stars 
outside the limits of the chart are taken for the most part from 
iheBD. 

The last column contains the notes, for which little explana- 
tion is needed. " Duplices " indicates stars the component parts 
of which cannot easily be separated. The numbers which are 
added from the various catalogues of variable stars require no 
particular explanation. Another sort of note is the abbrevia- 
I tion, either Sck. or Ck., by which it is indicated that the stars 
[ m designated are near the variable in the catalogue either of 
r Schiinfeld or Chandler. Since the brightness of some of the 
comparison stars exceeds 7.0 mg., the above mentioned method 
could not be adopted for determining their magnitudes, and 
hence these are added in the notes, being taken from other 
sources, which depend upon the declination of the star; e.g., 
the Cordoba Durchmusierung {CD.), or the Potsdam DuTck- 
mtutemng (PD.). 

In the remaining lines of the Introduction Father Hagen 
states that he himself was responsible for the observations of 
the positions and grades of the stars, and that the computations 
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of the magnitudes of the stars and the inclinations of the scale 
were made by his associates. He also expresses his thanks to 
those who had assisted him in collecting the material for the 
charts. 

The fourth series was published in 1907, after the appearance 
of volume 37 of the Annals, above referred to, which contained 
the discussion of the relation between the Harvard photometric 
magnitudes and the Hagen grades for many stars of the first 
three series; and hence Hagen had the opportunity to profit by 
further co-operation with the Harvard Observatory, as will be 
described later on, in connection with the magnitudes of the 
comparison stars. This fourth series was prepared for the 
observation of those stars whose minimum light could be 
observed by instruments of small aperture, that is, of from 
three to six inches. Therefore the limiting magnitude of the 
stars delineated upon the charts is almost the same as that of 
the DuTchmnsterung catalogue. The headings of the charts are 
practically the same as for the first three series, the values, 
however, being taken from the latest sources. The only differ- 
ence between the charts of this series and those of the first 
three is in the scale used; the outside square is now 2° wide, 
and the small ones 10'. A further reference to this fact will be 
found in Chapter XV. The ratio of star density between the 
inner and outer regions of the chart is the same as in the earlier 
series. Not only are all the stars of the DM. included, but 
fainter stars are added wherever they are useful for observing 
the minimum light of the variable or for making the configura- 
tion more certain. In the area surromiding the inner square 
the lower limit of magnitude is between 8.0 mg. and 9.0 mg. 
whenever this seems desirable. Those charts which contain the 
variables in Chandler's Third Catalogue were drawn by J, 
Bisgen at the Georgetown Observatory and later compared 
with the sky at Valkenburg, Netherlands. 

On the catalogue sheets the headings are practically the same 

as for the first three series, the sources being different in some 

In the case of the Algol type the periods only are given. 
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nnce the times of minimum light can be taken more accurately 
and quickly from the Epkemeridea. The material found od the 
sheets, however, is considerably different. The first column 
conlaina the current number, the second and third the BD. 
number and magnitude. The fourth column, which is headed 
EP. (Harvard Photometry), contains for several of the stars 
photometric magnitudes which were communicated to Hagen 
directly by Pickering from observations made just previously 
at the Harvard College Observatory. How these were used in 
determining the magnitudes will be described presently. The 
Coluninheaded"Gradus"containssometimes two sets of num- 
bers, one of which was derived from observations made by 
Hagen, and the other from those by Hisgen. Therefore, if the 
two seta are present, the first are due to Hagen, and the 
others to Hisgen; if only one, it is the work of Hagen alone. 

The magnitudes were obtained by the same general method 
that was employed in the preceding series, that is, by connect- 
ing the observed grades with the magnitudes of the stars which 
were already known. However, for this series they rest upoa 
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Tablb I 
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84 
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10.0 


8 




85 


74) 


30 




84 


lOJt 
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10.08 


85 
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10 
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33 
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a much better foimdatioii* namely « nposi the photometric mag- 
nitudes communicated by Pickering instead of on the Durdk- 
mustfnmf values. The process is described as follows. Points 
wen^ plotted using the magnitudes as ccdinatess and the Hagen 
grades as abscissas^ and curves drawn through them whidi 
defined the magnitude for each grade. These curves differed 
for the different c^iarts^ but did not deviate mudi from the 
straight Kne. Where there were twv> sets cf grades the magni- 
tudes were determined frvun both curves* and the 
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part between the ]hmts ± O.I mg. and ± 0.2 mg., altbough 
when the curve is extended beyond the limits of the stars fur- 
nished by Pickering, it occasionally increases to larger values. 
The magnitudes thus determined appear in column six. Above 
are given in a table the necessary values for constructing the 
magnitude curve for RV Hydrae. The points on the curve 
were plotted by using the Hagen grades as abscissas and the 
Harvard magnitudes (HP.) as ordinates. The magnitudes in 
the fourth column were read from the curve. 

The values for Aa and A3 were computed for the year 1900, 
though the positions of the variables in the headings of the 
catalogue sheets are for 1855. The positions of the brighter 
stars were taken from the catalogues of the A.G.C. For the 
fainter stars they were obtained partly from observations made 
at Georgetown, partly from measurements made at Harvard, 
on photometric plates, and partly from the BD. 

In the column " Notae " may be found magnitudes and colors 
taken from the Potsdam Durckmuslerung, the letters of Bayer, 
and the numbers of Flamsteed. The abbreviation "dpi." refers 
to those stars the components of which cannot be observed 
separately, and which hence should not be used as comparison 
stars in measuring the light from the variable. Furthermore, 
if the "dpi." precedes the name of a catalogue, it indicates that 
the observation was first made with the telescope at George- 
town or Valkenburg, but if it follows, then it was taken directly 
from the catalogue; e.g., RT Hydrae, star 23, "dpi. A.G.C. 9.5 
prec.." and X Monocerotis, star 17, "A.G.C. dpi. 9.0." The 
small letters enclosed in parentheses designate the colors as 
assigned by Hisgen, and signify the same colors as the corre- 
sponding capital letters from the PD. catalogue; e.g., "(r)" 
denotes the same color as "R." 

The fifth series contains stars which are visible to the naked 
eye. A few are inserted from the other series also if a large part 
of the variation is visible to the naked eye or can be observed 
with hand instruments. These are x Cygni, a Ceti, R Hydrae, 
R Carinae, and in addition ■>) Carinae. There are other stars, 
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twenty six in number, not properly belonging to this seriesi 
whose minimum light is below seventh magnitude, which are 
included on the charts because they can be recognized and 
observed at maximum, being then lucid. 

In making the charts Hagen received the assistance of vari- 
ous helpers at the Georgetown Observatory, each chart being 
carefully compared with the sky. Fainter stars were added 
when necessary for observing the light at minimum or for 
avoiding ambiguity. The last four charts, which give the repon 
about the south pole, were drawn by Goetz at Bulawayo, 
Rhodesia. The charts, while made on the same general plan 
as those in the earher series, differ somewhat in scale, each one 
being suited to the particular variable. The scale of projection 
and the co-ordinates of the center of each will be found in 
Table I of the preface. In the region immediately surrounding 
those variables which are faint at minimum, the stars are 
denser than in the remaining portion, which does not contain 
any fainter than the fifth magnitude. The catalogue sheets 
which accompany the charts are considerably diflferent from 
those of the previous series. The heading gives the Chandler 
number, the name of the star, and the character and elements 
of the variation taken from Chandler's Third Caialogue. In 
the case of stars of the Algol type, variations in the length of 
the period are only indicated, since it is much easier and more 
accurate to take the times of minimum directly from ephemeri- 
des especially prepared for the purpose than to compute them 
from the elements. They are now given in full in Hartwig'a 
yearly catalogue. 

Not only are the stars named by their constellations (col- 
umn one), according to the divisions made by Argelander, Ueis, 
and Gould, but also there are added the Bayer letters, the 
Flamsteed numbers, or those from the Uranomdjia Argentina 
in the case of far southern stars. If the stars are placed in other 
constellations by other authorities, it is so stated in the notes. 
Following these designations in the fifth column are numbers 
taken from the BD. or Cordoba catalogue, or from the cata- 
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logue m Annals, H.C.O., vol. 34, Southern Meridian Photometry. 
The positions of the stars are given in the order of their right 
ascensions in the different cons teU at ions. Most of them have 
been taken from the best catalogues, such as the Berliner Jahr- 
buck, A.G.C. Zones, Cordoba General Catalogue, a few from the 
BD. or CD., and all have been reduced to the year 19O0, 

The magnitudes of the stars have been taken from the 
Potadam Photometric DuTckmuaterung {PD.), the Harvard 
Photometry (HP.), or the Uranometria Argentina {UA.). In 
the last four, in the place of PD. is given LM.. by which is 
signified the magnitudes determined by Dr. Roberts, Love- 
dale,' South Africa. In the last column, headed "Notae," may 
be foimd the variation in brightness of the variable, taken from 
Chandler's Third Catalogue and printed in bold type, differences 
ID the designations of stars, the numbers of clusters and ncbu- 
Ise taken from other catalogues, colors, etc. Regarding color, 
those numbers which immediately follow the letters Kr. refer 
to the work of Krueger entitled C(aalogu£ of Colored Stars, 
[e.g., Gt'O Kr. 1282] or if a number be enclosed in parentheses, 
it is taken from the supplement. If the letters precede, they 
flignify that the colors of the stars were measured by the same 
snthority, but in accordance with the scale of Schmidt, and not 
that of Chandler, as in the remaining series. As the purpose has 
been only to call attention to stars which are too highly colored 
to be used for comparison stars, numbers lower on the scale 
than 4.0 have not been included, since they represent colors 
which do not differ much from white. No effort was made 
toward a critical comparison of this catalogue with others, as 
PD., or Osthoff. It is enough to state that the scales of Osthoff 

' Note from Dr. Roberta, expbining his method of estimnting mognitudeH. 
taken from a letter. By experimeot he had determined three limiting magni- 
ttldes to which he referred the other magnitudes by means of grades. He a>> 
dgned mg. 0.8 to the faintest star which eould with difficulty be seen lith the 
naked eye, 8.! mg. to stars which could n-ith diffieulty be seen with > one- 
inch telescope, and 11.4 mg. to those which were just seen with a three inch. 
He arranged the stars in sequences of grades between any two of these limit- 
ing magnitudes in opposite directions, starting sometimes from the upper 
Unit and Mmelimcs troni the lower. 
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aud Krueger (with the general exception of 0-K = +1^ 
agree with Schmidt, and that of the PD. very nearly with 
Chandler's. 

In the last four folios are inserted notes from the UA. m 
which the letter "r" indicates red stars, and "c" stands for 
other colors. Other notes are self-explanatory. At the end of 
each is added a table giving a list of the comparison stars by 
number which have specially been used by observers accus- 
tomed to work on these variables, from which it may easily be 
seen which are the most suitable to use. Table II of the preface 
contains a list of the abbreviations of the authorities. 

Special reference was made to an instrument suitable for 
observing the stars in this series. In fact the division of the 
stars into five groups had actually been made in order that 
those in each group might be observed with the same sort of 
instrument. The first three contain stars suited for larger tele- 
scopes; the fourth, since it contains stars within the limits of 
the BD., is especially adapted to smaller instruments; and the 
fifth is for observation with the naked eye, or small instruments 
which may be held in the hand. Hagen then describes the 
Steinheil binoculars, which have an aperture of 34 mm. The 
image is enlarged five diameters, and the intensity of its light 
is increased forty-nine times. 

The sixth series of the charts is intended to be supplementary 
to the first three, and is prepared in exactly the same maimer, 
except that in the catalogue sheets an additional column, the 
fifth, occurs, which contains the magnitudes according to the 
scale of the Harvard Photometry. These were deduced from 
certain stars among them, the magnitudes of which were fur- 
nished as standards by Professor Pickering. They are indicated 
in this column by having the magnitudes printed in bold type. 
In using them their magnitudes were plotted as ordinates with 
the Hagen grades as abscissas; curves were then drawn through 
the points from which the magnitudes were read for all the 
stars, as explained for Series IV. 

There were two reasons why the column ff P. was added; the 
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first that the relation which existed between the magnitudes 
of Series I, II, and III and the HP. system might appear more 
clearly, and the second that certain tables in the Annals, 
H.CO.. vol. 37, which were prepared for the purpose of con- 
verting the Hagen grades into Harvard magnitudes, might be 
extended to the charts in Series W. This column is especially 
important because it thus exhibits the relation between the 
magnitudes derived from the two systems. The maximum or 
minimum light in the separate folios indicated in the headings 
is taken from the elements contained in the Third Catalogue of 
Chandler and its revision, or from Pickering's second cata- 
logue,' or from a new catalogue, the material for which is being 
prepared for the Committee of the Aatronomiache Geaellsckafi, 
and was communicated in advance by Dr. MuUer. 

In addition to the introductions for each series which have 
juat been described, there is also a General Index giving the 
number of each star in its series, the arrangement being 
according to the order of right asceDsion. A second table is an 
Index to the Constellations, in which the stars are arranged 
according to the constellations. A third table furnishes a key 
connecting the present system of nomenclature with that for- 
merly in use by the Bureau des Longitudes, but now superseded. 
We shall now describe the maps which have been especially 
prepared for the use of variable star observers at the Harvard 
College Observatory, but in the present chapter only the 
I method of preparing the maps will be described, leaving the 
I method of determining the magnitudes to be given later. The 
Durckmusterung maps have been made practically useful for 
the observer by selecting a region 3° square surrounding the 
variable and enlarging it photographically. On the negative 
before printing are written the letters of the comparison stars. 
Tbeae are then printed on heavy paper 8x10 inches in size, 
which can be used with the telescope very conveniently. They 
■re especially suitable for a small instrument and for variables 
nidtii do not go below 9th or 10th magnitude at minimum. 
1 AftTiaU. H.C.O., 66. 
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The correct magDitudes of the comparison stars accompany 
the maps. They are obtained from photometric observations 
made at the Harvard Observatory for this especial purpose. 
More recently, in preparing these enlargements of the BD. 
charts, instead of attaching the letters to the comparison stars 
the magnitudes have been used, so that an obser^'er can obtain 
the magnitude of the variable directly. 

The Harvard Observatory has also prepared for its use othev 
photographs taken directly from the sky with exposures at 
different lengths, the variable occupying the center of the miqi. 
Sometimes these are enlargements <^ negatives already ob- 
tained for other purposes. On these charts the comparison 
stars are marked either nith magnitudes or letters. The magni- 
tudes are used for all the brighter stars and frequently for faint 
stars down to magnitude 13.5. Sometimes, however, the num- 
bers extend only to magnitude 13.0 and letters are attacbed to 
the fainter stars. The Director of the Harvard Observrntray. 
Professor E. C Pickering, whose long-continued intoest in 
\'ariiJ.^ stars is well known to the astr<»MHuica] irorid, has at 
different tioKS invited the co-operatkoi ot astronomers and 
amateur observers in the stud}' of variable stars, and has offered 
to pmvide photographic in^is Cor an^ ooe who wishes to make 
UHofthotn. lleEstsoltheoonparisonatuaFar maagral the 
vwwbks wluch be rKoouaemb lor atadf hare ahc*d7 been 
pakHAtA n Atmtis, B.C.O.. vob. 37 and 57. >Bd otheis wiB 
•|V«r htar. Ukr is some diff<eraxv of opinion in icgud to 
tha valSMl «l tticnitudes eoipk>yvd. e^xdally in the cue of 
a» tiiiMt atea. but the otwemr who a oaiBg the Harwd B^a 
ii neewMOidMl to «dD(it tbase^naaatheBap^aneetb^r 
wl A— ha — « iwtiiiM iMfe. R at aoMe later tone it is 
thM«|iK 4aaMbkto«i^ wothw i^stai^the c^mge can 
«Marb»Mda. 

IW •tMraas «W M* «atk^ «tt bat ates the photo- 
graphs olINffUHankvai hear Tci79t«k we. ThcywoetakcB 
at tW Y<Hm miii'iitiiij vilh a fiai^ faw inih ti^ectar, 
a gilAlC BnWfc'^ 1 1 |lil A. ^* ■illiiiaaf Us charts JB 
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Series 1, 11, III, and VI, in which the variable reaches the 13th 
magnitude or fainter at minimum. Of the 193 fields in the four 
series the variable falls to the 13th magnitude in 140 cases. 
These 140 fields have been photographed, and negative prints 
on bromide paper 8 x 10 inches in size can be obtained at the 
Yerkes Observatoiy. The scale of the prints is 10" to one mm. 
Therefore the field covered will be 0.8 of a degree square. For 
galactic fields crowded with stars, prints of double this scale can 
be supphed. The name of the field, the place for 1900, and the 
orientation are to be marked on the print. The variable itself 
will be enclosed in a small circle. The Hagen chart can serve as 
an index to these photographs, the brighter stars be identified 
OD his lists, and with the known scale the positions of the 
fainter stars relative to the variable can be determined. The 
plates have been taken with an exposure of one hour and show 
stars to the 16th magnitude.' 

Another set of maps containing the faint stars surrounding 
twelve variables may be found in a volume by Parkhurst en- 
titled Retearches in Stellar PkoUmielry. This work was carried 
OQ largely at the Yerkes Observatory and many of the com- 
parison stars are fainter than the 14th magnitude. The maps 
and magnitudes will be especially useful to those who are 
observing these particular stars. 

Maps for individual variables are scattered through vari- 
ous numbers of the Aslronomiscfte Nachrichten, Astrophysical 
Journal, etc., and may also be found in the publications of 
many obaervatories. 

■ Jp. J., 28, 87. 
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These are several systems for naming variable stars, bat 
the one described here is that most generally in use. As soon as 
a variable star is discovered, the fact is communicated to the 
Astronomiscke Nackrickten for publication. The editor of ti»,- 
journal refers it to a committee of the Astronomiache 
tchajt which has the matter in charge, and they assign 
star a provisional number which indicates the year and the 
order of discovery in the year. This is followed by the name 
of the constellation; e.g., 89, 1914 Persei, signifies the 89th 
variable discovered during the year 1911 which is in the con- 
stellatioa of Perseus. 

This provisional name is retained until the variation is con- 
firmed and the elements are more or less known. A permanent 
letter is then assigned to it in accordance with the following 
rule, which originated with Argelander. The first variable dis- 
co^'ered in a constellation is given the letter R, the second S. 
and so on, the ninth one having the letter Z. The tenth star 
has the double letter, RR, the nest one RS, and so on as far as 
SZ. Tliey begin again with 5S, and continue in thb manner 
until the combination ZZ is reached, allowing thus for fifty- 
Tour variables in one constellation. It became evident several 
years ago that this method would not suffice, and some other 
device was necessary. The committee appointed by the 
Atlrf)nomi»eke GeseUschaJt reported that as it would be quite 
inconvenient to triple the letters, the best plan would be to 
return to the first letters of the alphabet and beginning with 

the cumbinniiun AA. AB AZ, BB, BZ, continue 

OS far as QZ, thus adding 1280 more combinations. This was 
adopted, niul the first constellation to which it was applied was 
CygnuM, which in Hartwiii's ephemeris for 1914 has the combi- 
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nation BB, while Scorpio has AL, and Sagittarius, AR. This 
report of the Astronomiscke GeselUchaJt committee may be 
found in Aslronomische Nackrichten 4212. At frequent inter- 
vals lists of variables containing the provisional and perma- 
nent names are published by the committee, together with 
other important information and notes, e.g., Astronomiscke 
Nackrichten 4i57. 

Another method of designating variables by numbers was 
devised at the Harvard Observatory and is in general use there. 
Each number consists of six figures, the first two of which give 
the hours of right ascension, the second two the minutes, and 
the last two the degrees of declination; e.g., 123961 is the Har- 
vard number for S Ursae Majoris, and shows that its right 
ascension is 1^2 hours and 39 minutes, and its declination is 61°. 
If the star is south of the equator the numlier is printed in 
italics. The advantage of this method of numbering is that it 
[ ia easy to locate the variable in the sky. At the Harvard 
' Observator>' members of the staff who are accustomed to using 
the numbers can remember them and set without looking at 
the map. This, however, can be done only with a small tele- 
scope, for with one of large aperture it is necessary to set to a 
tenth of a degree in declination and hence the Harvard number 
is not sufficient. 

Another method of numbering was introduced by S. C. 
Chandler and the numbers in the system are called Chandler 
numbers. They are obtained by reducing the right ascension 
for 1900 to seconds and dividing by ten; e.g., the Chandler 
number for S Ursae Majoris b 4557, which is obtained from the 
exact right ascension, which is l?*" 39° 34", or 45,574 seconds. 
This method, which was extensively used some years ago, is no 
longer employed. 

A fourth method of designation, which was suggested by 

Andr£ in his Traiti d'Astronomie Stellaire, is very logical but 

I lias not been adopted generally, although by it an indefinite 

I number of variables in a constellation can be included. \The 

[ letter V followed by a number is prefixed to the name of the 
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conatellation, the number indicating the order of discovery in 
tbnt conatellation; e.g., V 8 Draconia would signify the eighth 
variable discovered iu Draco and would be the same star as Y 
Dra(X>nia. 

The first method is the one in most general use. It seems to 
be the one most analogous to the ordinary method of naming 
stars. It is interesting to note that quite recently Nijland bai|J 
auggested the adoption of Andre's nomenclature, on accoofllH 
of the possibility of its milimited extension.' ^ 

There are two principal soim;es of mformation in general use 
At the present time regarding variable st&rs, in which the data 
iR amuigctl in catalogue form : the Harvard Catalogue of Van- 
ahi« Stars found in Annals, H.C.O., 55, and the Kaialog wnrf 
Epkfmtridfn veranderlichen Sterne, published yearly by Hart- 
wig in the Vierttljahrsschrift der Astronomiscken GeseUschaft, 
and obtAinnble tn a separate pamphlet on request. The Har- 
vard catalogue contains the foUoning information, the stars 
being arrnngeii in order of right ascension: the Har\-ard numbn, 
llic ninimou name of the star, the numbo- in the Durchmuster' 
wnjT snne. the right ascension and declination for 1900, the 
ma^itude at maximum and minimum, the length of the 
p«tt>d, the epoch cxi>res8ed in Julian Days, the class of vari- 
ftblc, the tj-pe of spcctnun, the year of discovery with the 
|>ro\-t!U<inMl nunilM>r, and the name of the discovoer. The table 
ia foUoved by copious notes. Another table in this important 
■ad valiuible piiblicatioD contains many misceHaiteous facts, 
wdt M the coW, the interval of time "maximam minus niinH 
mam," «ik1 m biblin:nphy of nups on which the variable is to 
be fMtnd. Since the jpoctnm iif * variable is a tmtA of extreme 
imimrtance. it iu«y be stated here that a moa« complete table 
coMaiawg tbi* wlonmtMa r e ga r d in g a graat am^Mr of van- 
^Mm k to te ItoMd h ilfliMb, H.CO. «oL St. BO- «^ 

n* l^kfMiniAii pahBAed br H*rt*i& » Ae nane impfies. 
h ilitMKled Ktr pmctiml we in onlng op obHnvig fists and 
fcr the pvrpnw of onnparmc ohwrved ■ 
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with tiie computed times. In describing it the volume for 1914 
will be used as a type. The first pages are devoted to an intro- 
duction, which contains a statement of the changes which have 
been made in the elements of the variables already known and 
the introduction of new ones. This particular number contains 
a discussion by Hartwig regarding the introduction of the name 
"Blinkstem" as a substitute for "Cepheid" variable which 
was mentioned in the first chaptej of this book. 
The ephemeris proper is divided into four parts. Part I ia 
' further divided into two groups, the Erst containing those vari- 
I ables whose declination is north of —23" and the second those 
I which are south of it. In respect to their arrangement the two 
divisions are the same. The reason for the separation is that 
the DuTckmuaterung nnaps on which the variables are to be 
found are prepared for different epochs, that for the northern 
I stars, which is Argelander's, being for the epoch 18J5, and that 
J for the southern being for 1875, the date of the catalogue of the 
I Cordoba Observatory. The tables contain the current number, 
the right ascension and declination for the epoch of the cata- 
logue, with the annual precession, and if the star is of long 
period, the elements of variation, which include the epoch and 
the period, with the addition of any terms indicating periodic 
or secular change in the elements. In the column for the ele- 
ments arc inserted the words "unbekannt" (unknown) and 
"unregelmaasig" (irregular), when necessary. If a star is not 
a long period variable, it is stated in which of the following 
divisions of the pamphlet it is to be found; e.g., SY Cass, ia 
placed in Abt. U; TV Cass, in Abi. Ill, 2; SX Cass, is AH. IV. 
1. On the page facing this are further data regarding the same 
stars; viz., the magnitude at maximum and minimum, and the 
I date for each, predicted from the elements on the left hand 
I page. Where the data for the predictions are incomplete, 
llilank spaces are left or the word "Unbekannt" is inserted. 
' Part II contains the following data regarding short period 
variables: the name of the star; the phase represented, whether 
maximum or minimum ; the epoch in Julian Days, the number of 
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decimal places in which expresses the accuracy of the deter- 
mination; the period in days; the quantity M-m when known, 
and iLe type of variation; i.e., whether the star be a "Blink* 
atem," or of tlie { Geminomm type, or belong in some other 
group. At the end of the section there are placed in one group 
the stars from ttiis table which have periods less than one day 
and hence change with great rapidity. For these stars the right 
ascension, declination, and longitude for 1900 arc given, also a 
quantity which is used in obtaining the redtiction to the 3un, a 
correction which is usually applied to the obsen-ed time of 
maximum or minimum when the period is very short and 
regular. A full explanation of the formula and its application 
will be given in the chapter on prediction. 

Part 111 coiitAins the hehocentric minima of the Algol stars 
computed for Greenwich Mean Time. The stars are arranged 
in order of right ascension. For each is given the elements with 
the name of the authority. When the period is very short, one 
ninimunt for each month b gi%'en and multiples of the period 
are tabulated by the appUcation of which the other minima 
may be found. Following this materia! is a table which coa- 
taiua the data for the reduction to the sun, and also the dura- 
tion til phase, that is, the time from maximum through mini* 
mum to nuuimuni, or the period of time during which the star 
ia vai^-ing. This is marked D. The column d contains the 
InagUi at tinir during whidi the star is at minimum. Some> ■ 
tinai this u %'<ery short, as in the case of Algol, and sometimefrfl 
it luta for an hotir or more, as in the cas« of U Cephei. I 

Ib U» pulttications pivvious to ISl't, Table W contained the * 
■II MM I J (lata Uvr the ant-AI(^ stars, but in that for 1914 
Umm aUrs aiy ct^utlun<<d with the other Bfwit stars, and TaUe 
PT b ^Mrt^-t^t hit the ^ l^rme stars. The artangnnent of data 
b pnH-tK-idly the Muxir as for the Algol stars. Following tlus is 
a taMe t^vSng a k«y vliwli will foable oae to find the oomber 
\-JI ttw ^^^^^»S^e •■n the eatatofnK from its Wtler. 
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Several injfMjrtaiit cataloguea which appeared previously to 
the publication of the Provisional Catalogue of the Harvard 
Observatory were prepnred by S. C. Chandler, the first one 
appearing in the Astronomical Journal for September, 1888.' 
According to Chandler's own statement the catalogue was not 
a mere compilation, but at its pubhcation involved the collec- 
tion of all the published observations of the known variables 
since their discovery, including his own unpublished results, 
which related to nearly the whole list of variables visible in the 
latitude of Boston. A discussion more or less complete of this 
material furmshed the values of the elements of the light vari- 
ations in his catalogue. In it he first introduced his method of 
oumbering the variables, described on an earlier page of this 
chapter. The first catalogue contains the following information : 
the Chandler number, the number in a former catalogue pub- 
lished by Schonfeld, the position for 1855 with the precession, 
the name of the discoverer with the date, the redness of the 
star, the magnitude at maximum and minimum, the Greenwich 
Mean Time of the epoch either maximum or minimum, the 
length of the period, remarks, and the position for 1900, The 
third catalogue, pubHshed in 1893, contains important material 
in the same line, with very few changes, except that the Julian 
Day of the epoch is added to the calendar date. Periodic in- 
equalities are several times given with elements. This cata- 
logue was considered the standard until the publication, as 
before stated, of the Harvard catalogue. 

Since the data connected with the discovery of variables are 
included in several cataloguea, this seems a suitable place for 
giving some account of the methods by which they have been 
discovered, especially of some of the systematic searches which 
are being made for them. 

The methods in which the variability of a star is discovered 

may be roughly classed as visual, photographic, and spectro- 

I Kopic. The discovery may be made visually in several differ- 

l ent ways, by direct observation either with the naked eye or 

' AH. JmiT.. 8, 81. 
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with the telescope m the process of making star catalogues, 
through an investigation of missing DM. stars, and as Uie result 
of the observation of comparison stars for other variables. 
These four methods may be easily illustrated. The earliest 
known variable, Mira Ceti, was discovered because at its maxi- 
mum brightness it was a reddish star, rather conspicuous, and 
at its minimum either invisible or else extremely faint. It was 
first noticed by Fabricius in 1596, and again in 1638 by 
Eolwarda, whose observation of it may be described in the 
following terms:' on the 16th of December, 1638, he was occu- 
pied in measuring the altitude of the stars above the horizon 
through a cloudy sky, for the purpose of observing an eclipse 
of the moon, when he saw three times somcUiing very brilliant 
and new sparkling in the constellation of Cetus; but as be was 
preoccupied with the eclipse, he did not disturb himself further 
in regard to it. However, some days later he was again observ- 
ing the sky for the purpose of verifj-ing the altitudes previously 
determined, when his eye fell by accident upon Cetus. He 
again saw shining something unfamiliar to him . He supposed 
this apparition to be a temporary meteor, but the following 
day, according to the advice of the Professor of Mathematics, 
he undertook the examination of that portion of the sky. The 
apparition which had so impressed him was still ^-isiblc, and he 
began to study it attentively and to determine its position. 
Both to the naked eye and to the telescope it resembled the 
other stars. It was brighter than neighboring stars of the third 
magnitude. Some time Uter he was no longer able to find thb 
star, and he believed that it had disappeared; but great was his 
astonisluiient when on the 7th of XovembCT, 1639, he perceived 
it in the same place which it had occupied at its first appear- 
ance, and shining with a brightness sensibly the same. At this 
epoch the star was considered by astronomers as a new star, 
but Hol«-arda took particular pains to show that it had been 
known for a long time and that Bayer had catalogued it in 160S 
L M being of tiw fourth magnitude, under the name (^ o Ceti. 
>0 •nMtAjb^ Ma mii^dlaiTt, 1,300. 
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Its identification led to consequences of the greatest impor- 
taace, proving its rapid and periodic variability, and this fact 
aeemed so remarkable that Holwarda's contemporaries gave 
to this star the name Mira Ceti, the wonderful. 

The star Algol was also one of the earliest variables to be 
discovered, having been known since 1669. Its remarkable vari- 
ation won for it its name, which signifies the "Demon Star." 

The following ejctract from a letter written by John Good- 
ricke, June 87, 1785, and printed in the Philosophical Trant- 
adions ^ for that year, describes hia discoveiy of the variability 
<A j9 Lyrae; — 

The account that has been lately given of the regular variatJaa of 
Algol's light and the notice astronomers have been pleased to take of 
it, are well known. It U natural therefore to suppose, that the rela- 
tion of other similar phaenomena may alao meet with the same favor- 
able reception. Of this kind is the following, which I beg the favor of 
you to present to the Royal Society. 

On the lOth of September, 1784, whilst my attention was directed 
towards that part of the heavens where S Lyrae was situated. I waa 
Rirprbed to find this star much less bright than usual, whereupon I 
suspected that it might be a variable star; my suspicions were after- 
wards confirmed by a aeries of observations, which have been regu- 
larly continued since that time, and which will presently follow b their 
proper place. At first 1 thought the light of tbia star subject to a 
periodic^ variation of nearly six days and nine hours, though the 
d^ree of its diminution did not then appear to be constant; but now 
upon a more close examination of the observations themselves, I am 
inclined to think that the extent of its variation is twelve dayi 
and nineteen hours, during which time it undergoes the following 
changes. . . . 

A person who is habitually interested in observing the lucid 
stars acquires a great familiarity with the aspect of the con- 
stellations and can quickly discover an object of unusual inter- 
est. The two brightest novae of recent years were discovered 
in this way by the same person. Dr. Thomas Anderson, who 
was the first to observe Nova Aurigae and Nova Persei. He 
stated that if he were to see in a constellation an additional star 
' PM. Jraiw, 75, 159. 
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as bright as the third magmtude, he would recognize it imme- 
diately as a new star. 

Many variables have been discovered in the course of making 
star catalogues. An important factor in the identification of the 
star is its magnitude, hence in preparing the catalogue the 
observer compares his observation of magnitude with those of 
previous observers, and thus any decided difference will be 
detected. Sometimes his individual observations will differ 
among themselves to such an extent that the star is suspected 
of variabihty. Sometimes in using the BD. catalogue a star 
will aeem to be lacking. On investigation it may turn out to 
be a variable, or an error in the original observation may be 
discovered by referring to the records which were preserved in 
the hbraiy of the Bonn Observatory for this very purpose, 
according to Argelander's expressed wish. The following illus- 
trations may be of interest. 

Here b an account of the discoveiy by Espin of a variable 
star, which is announced in the Astronomische Nackrichlen 3i64. 
While observmg a star for his catalogue he found that the mag- 
nitudes, as observed on four nights, were 8.6. 9.0, 9.6, 9.8. 
These showed that the star was a variable, which fact was later 
confirmed, and it is now known as W Cassiopeiae. In Astro- 
nomische Nackrichlen 3269 de Ball writes that at the Von 
KuSner Observatoiy in Vienna he was not able to see a star 
BD—6 5419 in his meridian telescope of 4.5 inches aperture, 
but found another faint star 9,8 mg. near by. Some days later 
he observed the same region again and saw both stars, the miss- 
ing star having reached 9.0 mg. Since he could no longer 
observe the region with the meridian matruraent, he asked Dr. 
Holetschek to follow it with the equatorial. The latter did so 
and confirmed the variability of the star, which is now known 
as Z Aquilae. A communication from Ktistner states that the 
star had been observed twice by Argelander in forming the 
Durchmusterung, with the magnitudes 9.0 and 9.8. 

The circumpolar variable U Cephei was observed several 
times by different astronomers in the process of makiiig star 
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catalogues. Each time it was seen near its maximum bright- 
ness, 6.9 mg., excepting once when it was found by Schwerd' 
to be 10.0 mg., but this discrepancy was not noticed until the 
variability of the star had been discovered by the Ceraakis 
from the examination of photographs. The star TV Aquilae, 
which is one of the comparison stars for W Aquilae, was dis- 
covered to have a small variation by an observer" who was 
following W Aquilae, and the variation was later confirmed 
by E. C. Pickering. 

An interesting case, and one not so satisfactory, is that of 
BD 22° 3272, to which attention is called by Becker in Aelro- 
nomiache Nachrichten 3281 as being a suspicious object. While 
observing Tvith the meridian instrument he found that the 
above star, which has magnitude 8.9, was not visible in the 
Berlin transit instrtiment of seven inches aperture, while 
another star near by was visible. Neither could the missing 
star be found in the elghteen-inch refractor of the Strassburg 
Observatory. On the other hand, a letter from Professor KUst- 
ner at Bonn stated that the region had been observed three 
times in the process of forming the BD. catalogue, and the 
original records showed that undoubtedly the two stars were 
then visible. The Har^'ard Catalogue of Variable Stars, in its 
remarks concerning this star, which is called RW Herculia, 
states that a faint object which had been observed near its 
position by Kobold had not been found to vary, and that 
eleven photographs taken l>etween the years 1890 and 1904 
showed only a very faint star with no certain variation. Visual 
estimates of the magnitude made at Harvard showed it to be 
12.0 mg., without any sure evidence of change. 

An interesting and almost unique instance of the discovery 
of a variable by the meridian photometer is mentioned by 
Professor Pickering in the Harvard Circular, No. 87. While 
working with the twelve-inch meridian photometer he ob- 
served a bright star having magnitude 9.5, which was not 
10 the BD. An examination of the photographs of this region 

> Sl C. ChADdkr. Alt. Jour., g, 49. * C. E. Fumess, Alt. Jour., 361 74. 
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showed that the star was a variable of long period. This ■ 
now SV Herculis. 

In AslTonomiscke Nachrickten 3219 there is an example dl ! 
the discovery of a variable by the comparison of photographs. 
AnDouucement was made from the Cape of Good Hope by 
Gill that a comparison of two photographic plates showed a 
marked difference in the images of a star, which was later con- 
firmed by the examination of a number of other plates. Thii I 
star is S Velorum. 

A very interesting and rapid method of discovering variables 
is by the use of the stereo-comparator. This instrument was 
used by Wolf ^ at the Heidelberg Observatory for an examimi' 
tion of the region of the nebula of Orion, during the process dt 
which he discovered ten new variables. A brief description of 
the properties of this instrument will show how easily it can 
be used for the discovery of variables. It is constructed so 
that the light from two photographic plates can be thrown into 
the eyepiece by the means of several totally reflecting prisms. 
The light from either plate can be shut off at will, so that the 
observer can use first one, then the other, or both together, by 
rapidly moving the shutter by which this is accomplished. He 
can then easily determine whether the star images on both 
plates are exactly the same. If a star appears on one plate and 
not on the other, while other stars are alike on both, the sup- 
position is that it may be a variable. The same region wa« 
investigated at the Harvard Observatory ' by the comparison 
of photographic plates, and several of Wolf's variables were 
confirmed, while many new ones were discovered. This led 
Professor Pickering to arrange for a systematic study of the 
Orion region and similar nebular regions in the sky. His method 
is as follows: the glass positive of one of the plates b madd 
upon which are superposed the negatives of the same region. 
On the positive the star images are white, while on the negative 
they are dark; thus a dark image is superposed upon a white 
one, and any disparity in size will be detected. In this way all 

> AJi. 37«9. < £. C. Pickeiiag, H.C.O, Cire^ 78. 
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the variables which show striking changes and are compara- 
tively bright are discovered. In Circular yg he announced the 
discovery of 76 new variables, 19 in Orion and Carina, and 57 
in the small Magellanic cloud. Later circulars have contained 
the announcement of the discovery of many other variables 
found in the same way. The plates which are mentioned were 
taken with long exposures. It was found later ' that other 
plates taken with a small telescope wliich covered a region of 
the sky 30° square and show stars of the llth magnitude and 
brighter, would furnish a valuable means of discovering the 
brighter variables. The same method which has just been 
described was followed, a thin positive being made of each 
region, upon which the negatives were superposed. The plates 
covering the heavens were divided into groups and placed in 
the hands of the observing corps for investigation. The num- 
ber of variables which have been discovered by this method is 
now quite large. 

It was stated that a number of variable stars had been dis- 
covered from an examination of the spectrum. In Aalronomische 
Nachrickien 3269 is found an announcement by Mrs. Fleming 
of the discovery of bright hydrogen lines in the spectrum of a 
star of the third type. Photographs of this star were then 
examined which showed a variation in brightness, thus proving 
the star to be a variable. In Asironomiache Nachrichten 3225, 
Pickering announces that four new variable stars have been 
discovered from the presence of bright hydrogen lines in their 
photographic spectra. They are all long period variables. 

Perhaps the most interesting case is the discovery of a new 
star by means of its spectrum. This was accomplished by Mrs. 
Fleming from the examination of negatives made at the 
Arequipa Observatory. The photograph, which was taken 
with an exposure of an hour, showed the peculiar spectrum, 
typical of new stars, in which certain of the hydrogen lines 
were bright and were accompanied by dark lines of slightly 
shorter wave-length. Another plate of the same region was 
> E. C. Pickeiing, H.C.O., Circ. iia and 137. 
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examined, which showed a change ia the apectmm, further 
confirming the suppoailion that it was a new star. The esami- 
nation was next made of ail of the photographs of the region 
containitig this star on a series of 64 plates extending from May, 
1889, to March, 1895. No trace of the star was visible, al- 
though on some of them stars as faint as the I4th magnitude 
were clearly seen. Beginning with the plates taken on April 8, 
1895, the star appeared, and its photometric brightness dimin- 
ished from that time from the 8th to the 11th magnitude. 

It is from the study of photographic plates also that vari- 
able stars in cluster have been discovered on a large scale. 
This work has been done at the Harvard Observatory in con- 
nection with the station in Aiequipa, Peru, from which many 
photographs were taken of dense globular clusters in the south- 
ern part of the heavens. The process is related at length in 
volume 38 of the AnnaU, in whicli Bailey descril»es the work 
on the cluster Omega Centauri. In the introductory pages he 
gives an account of the discoveries which led to a thorough 
investigation of this cluster and other similar ones. The first 
of these variables was fotmd by Pickering in 1889, in Messier 3, 
and in 1890 two other variables were discovered near the clus- 
ter Messier 5. Later in the same year the variability of several 
other stars near the same cluster was delected. In 1893 a vari- 
able star was discovered on the photographs of Omega Centauri 
by Mrs, Fleming, and a few days later another by Pickering. 
The detection of these variables among the clusters led to a 
systematic examination at Arcquipa of the finest globular clus- 
ters for the discovery of new variables. The first objects 
examined were Messier 5 and Messier 3. both of which gave 
remarkable results. A table is presented showing the number 
of stars examined in each cluster, and the numljer of variables 
found, making a total of 19.050 stars, among which 509 vari- 
ables were found. There is no doubt that this method if ex- 
tended to all of the clusters in the sky will yield important 
results. The instances described above show how numerous 
the methods are by which variable stars may be discovered. 




CHAPTER V 

STELLAS MAGNITUDE 

The history of stellar magnitude begins with the catalogue 
of Ptolemy, which is the oldest that has been handed down to 
us, and on account of the importance and age of this work we 
may appropriately give an extended account of it. Ptolemy's 
catalogue is contained in the seventh and eighth books of his 
celebrated treatise on Astronomy called the MeyaXi?? 2w. 
Tofetw. to give it the Greek name, or the Almagest, if we use 
the more familiar name, which the Arabian astronomers ob- 
tained by prefixing the Arabic article al to the Greek word 
^^TMJTOs, The date of the catalogue is 138 a.d. Several 
manuscripts have been preserved for us in Greek, Latin, and 
Arabic, the best and most perfect being the Greek, in the Na- 
tional Library in Paris. The best printed edition is that of 
M. I'Abb^ Halma. published in Paris in 1816, having the Greek 
text on one page or column and the French translation on the 
adjacent one. The catalogue contains 1038 stars, which are 
divided into 49 constellations. As arranged by Ptolemy it con- 
sists of four columns; the first containing the name of the star 
in the constellation; the second its longitude; the third the 
latitude, and Uie fourth the magnitude. As is probably well 
known to the reader, the ancient and mediaeval astronomers 
always designated a star by its position in the figure represent- 
ing tie constellation. Not all of the stars, however, fell in the 
regions occupied by the figures, hence they were placed by 
themselves at the end of the group near which they were situ- 
ated and were called a/idpipuToi, or unformed. There are 102 
of these. 

The stars and figures were habitually drawn on globes by 
the ancients. On the title-page of the second volume of Halma'a 
edition of Ptolemy is an illustration supposed to represent the 



S2 THE STUDY OP VARIABLE STABS ■ 

globe of Hipparchus. A very good picture of the globe used by 
Tycho Brahe is given in the memorial volume Tyckonia Brake 
Aslronomiae inatauratae Meckanica, prepared by Hasselberg, in 
1901, on the three hundredth anniversary of Tycho's death. 
The longitudes are given in degrees, counted, however, not 
from 0° to 300°, but according to the sign of the Zodiac in 
which the star occurs, each sign containing 30°; e.y., the star 
Castor has longitude "Gemini SSj"" and since Gemini is the 
third sign, this is equivalent to SSi". Since in Greek, as in 
Latin, numbers were represented by letters of the alphabet, 
the magnitudes are called a, 0, 7, 5, e, ?. It would appear from 
this that Itolemy did not recognize fractional magnitudes, 
but we find that he was aware of the gradations in brightness 
between the whole magnitudes, for the words fifl^atti and 
fKatraoaii were occasionally attached to the letters representing 
the magnitudes, the former to show that a star was brighter 
than the average star of its magnitude and the latter that it 
was fainter, thus in reality giving the magnitudes to thirds. 
This fact is of great importance in the study of magnitude if 
we are to consider these earliest estimations of scientific value 
in determining changes in brightness, and it is necessary to 
investigate carefully what Ptolemy's divisions stand for accord- 
ing to modem standards. This has been done very thoroughly 
by Dr. C. S. Peirce and the results published in the Annals, 
H.C.O., 9, He examined first the various manuscripts in order 
to comiuuv the readings for fui^tiiv and eXdrro-tov, which may be 
abbreviatni m and c respectively, and formed a table con- 
tnining the magnitudes for Ptolemy's groups 1, le, 2m, 2e, 2m, 
etc. Ijtter in Annaia, 14, another comparison of 757 of these 
stani WAS made by Pickering, and the magnitudes obtained 
according tu tlic Harvani Phototrutry. They are as follows:' 
rtokmy: I l««iQ«'«e»m9 Se4m4 teSmS S 
Hwvittd! U.a l.« \.t t.1 <.S t.7 S.9 S.S 3.8 1-4 4.0 4.7 5.0 5.4 

PtfJemy'a uiagnitudes were adopted without revision by ■ 
Htiuuttoen who followed him except in the case of Al i 
■ Aiaah, 14, MS. 
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1 astronomer, living in the tenth century, who revised 
1 much care. Ptolemy's magnitudes were used hy 
Beigh in a catalogue published about 1437 and by 
Tycho Brahe, whose catalogue of 777 stars was published in 
1602. 
The next important advance in the cataloguing or charting 
t Stan is connected with the name of Bayer. It lias been 
tated that the stars were always depicted on solid globes which 
resented the outside of the celestial sphere, and the maps 
o were so drawn. Bayer in 1603 conceived the idea of print- 
f the stars on charts which represented the inside of the 
EJestial sphere, thus reversing the directions east and west. 
B was a great convenience, but he also performed another 
c which was of even more service; viz., he assigned Greek 
titers to the stars as names, instead of continuing the clumsy 
totation of denoting them by describing their positions in the 
B of the constellations. He used as a basis Tycho's cata- 
B of 777 stars, to which he added 500 more, locating the 
Itter not by direct obser\'ation, but by estimating their posi- 
k>ns from the other stars. It is no surprise to us to learn that 
i innovation of re\'ersing the direction in his charts of the 
nvens aroused much unfavorable comment, though its con- 
Eoience must have been obvious. There is some question as to 
e method Bayer used in assigning his letters, but the state- 
3jl is that he gave them to the stars in each of Ptolemy's 
s of magnitudes in the order in which they occur in the 
n,' somewhat as follows: first to all of the stars in 
e first or o magnitude in the order in which they occur in the 
^ure representing the constellation, beginning usually with 
the bead; second to all of the stars in the second or magnitude, 
and go on. But be did not arrange the stars in the entire con- 
stellation in their order nor assign the names to them on that 
basis. 1 1 b difficult to verify this statement, since early editions 
of his charts are not easy to find. The question was discussed 
at leEigtb by Argelander in bis Defide Uratiometriae Bayeri, but 
I Benjamio A. Gould. XJran. Arg., 61. 
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the present writer was unable to procure a copy of this wort 
for comparison. The followiog table is of interest, because it 
gives the stars in the constellation of Gemini taken from Tycho 
Brahe's catalogue, with the letters inserted by Baily as given 
by him in a valuable paper in the Mem. R.A.S., 13. The accom- 
panying plates show the title-page of an edition of Bayer's atlas 
printed at Utm in 1610, and one of the constellations, Gemini, 
It is pleasant to note that the drawing for this lively pair is 
from the hand of no less an artist than Albrecht Dtlrer, who 
drew figures of the constellations in 1515 which were in general 
use by astronomers and map makers. This one and several 
others may be seen depicted on the ceiling of the Grand Central 
Station in New York City. The reader is advised to follow the 
map of the twins star hy star along with the names of Tycho. 
It will be seen that there is not strict correspondence, which is 
probably due to the fact that we have not placed together the 
combinations which Bayer used. The title-page is well worth 
study merely as a product of the early prmter's art. The Eng- 
lish of the following list is taken from an old treatise on 
Astronomy published by Vincent Wing in London, 1651, and 
entitled Harmonicon Celeste. 

Mag. Bayot. ,j 
Id the upper head, Castor. Apotlo. i 

In tlie lower head. Pollux. Hercules. S 

In the left hand ot the former twin. 5 

In the left shoulder, 4 

lu tlie shnutdcr blade of the same. i 

lu tlic right shoulder, 5 

lu ttio Ifft shoulder of the following twin. 4 

In Uie rijilil side of the former twin. ■ 6 

Th* little star in the left elbow of the higher twin. 
III the iiortlirrn and upper knee. 3 

In the left kuoe of the following twin, S 

In (he M\y of tlic southern twin. 3 

In the hunntP of the lower twin, 4 

Thv &nt iu tike foot uf the former twin. 4 

Thu fullowiit)! NtAT ill the same foot, cati'd the heel, 3 
lu th« iMul of tlie right foot of the former twin. 4 

Th« li«ht itar of the foot. i 
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fla tht lower foot ol the following twin. 4 $ 

he heel of the same foot. 6 e 

1 Above the knee of the lower twin. 6 d 

In the thigh of the higher twin. Q ui 

Beneath the head, lower in the hand. 

The little star between both heoda. 5 <t 

About the ear of the higher twin. 5 p 

The former at the top of the foot. 4 — 

It may be noted that Bayer has represented the twins as 
facing the observer, which is indeed the correct way to place 
them when they are on the inside of the celestial sphere, since 
on the globe showing the outside of the sphere they are seen 
from the back. This latter fact can be verified from the picture 
of Tycho's globe found in bis book of instruments mentioned 

I above. 

The first important work of recent times on magnitude was 
done by William Herschel, that fertile- minded and original 
genius. In this as in many other of his achievements he sug- 
gested the idea without carrying it out to its completion, leav- 
ing for others the opportunity to make it of practical and imme- 
diate use. His first paper was published in the Philosophical 
Transadions, 76, 1796, from which the following extracts are 
taken. The title of his paper is "On the Method of observing 
the Changes that happen to the fixed Stars; with some Remarks 
on the Stability of the Light of our Sun. To which is added, a 
Catalogue of comparative Brightness, for ascertaining the 
Permanency of the Lustre of Stars," He begins by stating 
that there is great confusion in giving magnitudes to stars, 
since reference is made to an imaginary standard wliich is the 
average magnitude of a class, and the stars are not compared 
with one another. In examining them he found that a star in 
one class might be brighter than one in a higher class, or a star 

I of so-called fourth magnitude might be fainter than one of the 
fifth. So many discrepancies occurred that either there had 
been many changes in magnitude since the time of Flamsteed, 
or else the assignment of magnitudes was full of error. At that 
time intermediate magnitudes between whole numbers were 
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designated thua: 1.2, between 6rst and second, but nearer 
B.l, between first and second, but nearer second, making pi 
ticftlly a division into thirds. After calling attention to manyj 
suspicious cases, lie suggests the following improvement in ths^ 
method of notation. Instead of giving an exact magnitude to 
slur, he places a few stars in a series based upon their order 
brightness. For example, CDE signifies that D is intermediate 
in brightness between C and E, which are neighboring stars 
not too different from D in brightness. By extending the series 
to six or seven stars, the brightness of any one star becomes 
even more definitely fixed. He then further developed a plan 
for representing by arbitrary sj'mbols certain degrees of differ- 
ence between pairs of stars. The reader who is familiar witli 
Argclandcr's step method of comparing variables, will recoj 
this method of Herschel as its prototype. 

When two stars are perfectly alike in brightness, so that by looking 
often and a long wliile at them, I either cannot tell which is the bright- 
est, or t>cca.«ionRll,v tliink one tlie largest, and sometimes, not long 
after, givp the preference to the other, I put down their numbera to- 
getiipT, nnly SFparate*! by a point. . , , However, it can happen but 
very acldoni that the equality in the lustw of two neighboring stars is 
ao jtorfeiH as not to leave an inclination to prefer one to the other; 
thprefnre I place that first which may probably be the largest, evf 
though I do not particularly judge it to be so. But this preference 
TKWt to be understood to extend so far as to make it improp)^ t 
dtange the order of the two stars. 

Continuing in this manner, he describes his other steps, 
finally introduces a table of sj-uibols; — 

' Tile least perceptible difference less bright. 

. Equality. 

, Thi- least perceptible difference more bright 

- A very «nall difference more bright. 
- , A small difference more bright. 
• - A considerable difference more bright. 
- - - An.v gT««t diffcrmce more bright in geneiaL 
When two stars differ so mucii in brightness that oae or two ot 
■tar« might he put between them, and still leavt- sufficient room for 
dtslirtclion. they become partly unfit tor standards by which the iuatre 
tt other slan can be asMttaiool. 
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There exist symbols indicating other degrees of difference in 
brightness, but enough has been quoted to show the extent to 
which Uerschel bad developed his method. He has also a series 
of marks which indicate a wavering of star-light and describes 
quite vividly the otxasions on which he used them. 

Sometimes, when I was not willing to put down these compoimd 
marks. I have cast my eyes upon the ground, and after a few momenta 
lifted them quickly up to the stars ^fi, and instantly decided which of 
the expressions ought to be used; this being repeated perhaps a doztin 
or more times, I took that expression for the most proper one which 
would occur oftener than any other in tbese transitory glances. 

He also calls attention to various subjective errors which must 
be avoided in making these comparisons. 

This introduction is followed by the First CcUalogue of the 
Comparative Brightness of the Stars, which contains series of 
stars in nine constellations. No attempt is made to arrange 
them all in order, or to form a catalogue of magnitudes, and 
only the separate series are published, which furnish material 
for the purpose of forming a catalogue. Four sudi series were 
published by Herschel. Two others existed in manuscript form 
and were given into the hands of Professor Pickering for publi- 
cation. An investigation of them is given in Annals, 11, CO., 
14, where the values of the three symbols most frequently 
used by Herschel are found. These were the period, the comma, 
and the dash, which have respectively the values .06 mg., .23 
mg., .38 mg. The results have been arranged in catalogue form, 
and are published in Artnais, H.C.O., 23, 188. et seq.. Table 
Liv. A discussion of bis work follows, in which Pickering states 
that "Herschel furnished observations of nearly three thou- 
sand stars, from which their magnitudes a hundred years ago 
can now be determined with an accuracy approaching that of 
the best modem catalogues. The average difference from the 
photometric catalogues is only±0.I6 mg., which includes the 
actual variations of the stars during a century, as well as the 
errors of both catalogues." 

We now come to the great work of Argelander on stellar 
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magnitude, and the author has difficulty in deciding how much ' 
of it to include in the present chapter. However, since it is in 
the BD. catalogue that magnitudes expressed in tenths are 
first introduced, it may be of considerable value to give an his- 
torical account of the development of his method. The mate- 
rial for this account may be found in a letter from Schtinfeld 
to C. S. Peirce' written about twenty years aiter the comple- 
tion of the work. 

It should be stated as a preliminary that earlier astronomers, 
beginning with Ptolemy, recognized the fact that there are 
magnitudes intermediate between those represented by whole 
numbers; that is, that the eye is sensitive to smaller differences 
in brightness than are indicated by the ordinary divisions. 
Ptolemy, as stated before, made use of the two words grealer 
and lets to show these differences, thus practically introducing 
thirds of magnitudes. Later astronomers, among them Flam- 
steed and Herschel, used the combinations 1.2 and 2.1 as inter- 
mediate between 1 and 2, meaning that 1.2 was brighter than 
the average star of the second magnitude, and less bright than 
a star of the first, but nearer in brightness to the star of the 
first magnitude. Similarly, 8.1 meant that the star was inter- 
mediate in brightness, but nearer to the standard second mag- 
nitude star. Thus again thirds of magnitudes were recognized. 
The reader is particularly cautioned not to regard the periods 
in the expressions 1.2 and 2.1 as decimal points. 

Some of the star catalogues, for example, that of Lalande, 
for the epoch 1800, give the brightness in whole and half mag- 
nitudes, as 6, 6i, 7, 7j, etc., and this method was quite custom- 
ary among astronomers when Argelander began his photometric 
work. His first research was the Uranomelria Nopa, published 
in 1843. According to the title-page it is a representation of 
the stars visible to the naked eye in middle Europe, according 
to their true magnitudes t^en directly from the sky. It con- 
sists of a series of seventeen charts and a small book containing 
a description of the charts and a catalogue of the stxu 
■ ilRna/i. H.C,0., 9, 27-28. 
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served as a model for the work of Heis. There are 3256 objects 
delineated, including stars, nebulae, and clusters. There are 
nineteen degrees of brightness, from the first to the sixth mag- 
nitude, including three for each class. While Argelander does 
not describe in detail his method of determining these magni- 
tudes, he states in his usual vivid style that he began his task 
in 1838, and worked on it dihgently until the time of publica- 
tion, making repeated comparisons of the stars among them- 
selves. He made use of the ordinary six classes, calliug the faint- 
est stars which he could see distinctly of the sixth magnitude, 
saying modestly, "My eye is of ordinary sharpness; a weaker 
one will not see the smaller stars of my sixth magnitude, and 
a stronger one will perceive many which remain invisible to 
me," He had in mind not only the professional astronomer, 
but also the amateur, whom he calls "der Liebhaber der 
Astronomie," and says that he aims to give a true representa- 
tion of the relative brightnesses of the stars of his own time, in 
order that his successors might be able to decide whether indi- 
vidual stars had changed their light. Space does not permit 
of further quotations, but there is a charm and simplieity 
about Argelander's introductory statements which make them 
delightful reading. The drawings for his constellation figures 
were taken from Bayer's Uranomelna, 

We pass now to the account of the work on the Durchmua- 

terung magnitudes, contained in SchOnfeld's letter to Peirce, 

k mentioned on an earlier page. The zone observations for the 

^ great catalogue were made with a small telescope of three 

f inches aperture, as described in an earlier chapter, while the 

later zones for the purposes of revision were made with larger 

instruments. The catalogue was published in three sections, 

and the method of estimating the magnitudes in them changed, 

as the observers gained in experience, and also as they reached 

regions of the sky where the stars were fewer in number and 

did not require such rapid observing. It was originally the 

Lplan to estimate the brightness in half magnitudes, and they 

Kitdopted the scale 1 mg., 1.5 mg., i mg., 2.5 mg.,etc., but still 
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used the symbols 1.2 and 2.3 to denote tlie magmtudes bel 
1 and 2, 2 and 3, etc., which in this case were the exact half 
magnitudes 1.5 and 2.5. The work was begun in 1852, and 
toward the end of the year 1854 Schonfeld and Krueger, Arge- 
lander's assistants, who made by far the greater part of the 
observations, began to take account of a perceptible difference 
from a half magnitude-, for esample, if a star belonged to the 
faintest among those classified as seventh magnitude, that is, 
was less than the division 7.8 or 7.5 mg.. it was distinguished 
by the addition of the letter a, schwach (faint), or 7.8j. which 
made it a little fainter than 7.5 mg., or the equivalent of 7,7 mg. 
Similarly a star which belonged to the brighter half of the class 
was designated by gt, or yui, and T.Hgt meant a star somewhat 
brighter than 7.5 mg. or 7.3 mg. Without mentioning further 
details, it is sufficient to say that the magnitudes at observa- 
tion were divided into six parts, and the following table shows 
the correspondence between their designations and the ordi- 
nary scale of tenths of magnitudes. 



7m 6.9, 7.0, 7.1 vy. 



7» 



7.4 



7.9, 8.0, 8.1 



J 



In wtplaining why three tenths were included in one group, 
Schtinfeld states that it was not so easy to make the distinction 
of .1 as of .2 in the midst of observing; i.e., to dist'mgtiish 7.3 
from 7.5 was easier than from 7.4, and besides, the stars often 
came so rapidly that the observers had no time to write the 
necessary notes. Hence it resulted that in the regions where 
the stars were fewer, more fine differences were noted than 
with stars in the Milky Way. 

In the year 1857, when the observers had reached the more 
northern declinations, and the stars were on the average less 
numerous, they became accustomed to distinguish tenths of 
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magnitudes directly. But it was noticeable that the fractions 
.1, .6, and .9 occurred less frequently than the others, especially 
.1 and .6, The magnitudes which were published in the BD. 
are the means of the separate determinations, some of them 
de[>ending on two obser\'ations and some on three. When they 
lested on two observations, the tenth was chosen so that the 
star in general was placed fainter than the arithmetical mean, 
for example, if a star at one observation was called 8.9, which 
is equivalent to 8.5 mg., and at another 9, the mean, which 
would be 8.75, was called S.8 and not 8.7. As a restilt of this 
'Tariation in the method of determining the magnitudes of the 
i^BD., it appears that they are not homogeneous throughout the 
eotire catalogue. However, in spite of this, they are very much 
more precise than those found in any of the preceding cata- 
logues. 

Several investigations have been made by different astrono- 
mers for the purpose of reducing the BD. magnitudes to a uni- 
form photometric scale, but there will be no opportunity for 
presenting them in this volume. 

While working on the catalogue, Argelander was on the look- 
out for possible cases of variability. In the earlier zones there 
were frequently rather large differences between the estimates 
of magnitude in the different zones, but later this seldom hap- 
pened. If any such did occur, the star was at once investi- 
gated, and if the divergences persisted, the variability of the 

ir was considered as fairly well established. 

The remaining extended investigation of stellar magnitude 
made without a photometer was that undertaken by Goiild 
at the Cordoba Observatory, and called by him the Urano- 
metria Argentina. The introduction contains a very spirited 
account of his work and the difficulties imder which he labored 
ic carrying it out. The last paragraph of his preface shows us 
how deeply infiuenced he was by the spirit of Argelander: — 



During oil the stages of this undertaking, and the not small dis- 
couragements which have attended it, I found bcentive and support 
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in looking forward witli hopefulness to the approbation of the great 
master in this department of astronomy. The coveted privilege has 
not been granted me. to lay at his feet the finished work. But, in 
justice and in gratitude, I desire to record my obligations to him for 
counsel and encouragement, direct and indirecL To Argelander, 
livmg, I desired to inscribe this work, nhich but for his Uranometria 
Nova might never have existed. Now I may only dedicate it to his 
honored memory. 

Gould bad been summoned by the Argentiiie Republic to 
establish s national observatory at Cordoba, several hundred 
miles inland from the city of Buenos Aires. He arrived there 
during the year 1870 with four young men who were to act as 
bis assistants, and with no luggage except his personal belong- 
iogs, the war then raging in Europe having interfered with the 
shipment of boxes containing astronomical books. No instru- 
ments were at hand except opera-glasses, and the transit instru- 
ment which was to be the basis of the principal work of the 
observatory was not put in place for nearly two years. It 
appeared to him that the energies of his party could not be 
better employed than in determining the relative magnitudes 
of the southern stars, for the formation of an Uranometiy 
similar to that of Argelauder. By means of a star catalogue 
which he had with him, he plotted the positions of the brighter 
stars upon skeleton maps, and inserted the fainter stars from 
direct estimation in the sky. He desired to base his scale of 
magnitudes as far as possible on that of Argelander, hence he 
selected as a standard zone t)ie belt which has for its central 
line a declination having the same altitude at Cordoba and 
Bonn. This was + 9° 89' 15". He wished to express his own 
magnitudes in tenths, but as the tlTanometria Nova gave them 
only in thirds, he was unable to make more than a general 
correspondence between the two scales. The stars in this belt 
which were selected as standards were observed by all of bb 
assistants; only those werr sd upon which all four agreed, 

and they were observed i lorately throughout the whole 

circumference of the b* >w"ln.t •l>w nnvws^ he discov- 
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ered that the scale of the Uranometria Nora was not homoge- 
neous throughout the region obaerved, uor did Argelander make 
very precise determinations of the intermediate grades of mag- 
nitude. He also found tliat in the clear air of Cordoba stars 
could easily be seen which were fainter than those selected as 
sistb magnitude at Bonn. He finally fixed upon 7.0 mg, as the 
faintest generally visible. There were 722 standard stars, and 
the entire catalogue contains 7730 south of declination +10°. 
Besides the establishment of standard magnitudes Gould found 
a necessary to rectify the boundaries of the southern 

istellations. During the course of hia researches he found 
f stars which showed signs of variability, and made them 

xial objects of obser\'ation. Lack of time, however, pre- 
nted him from following them as closely as he would have 
pished. 

Having given in the preceding pages a general survey of the 
earlier work on magnitudes, previous to the introduction of 
photometric apparatus and the more exact methods of the last 
thirty years, there remains to the author the task of showing 
the connection between the relative brightnesses of the stars 
and their magnitudes. While it would be interesting histori- 
cally to give all the steps which led to the formation of the 
present formula, it is possible to give only a brief resumfi, and 
then to devote some time to examples of its application. The 
problem may be stated in the form of a question, the necessity 
of an answer to which will be obvious. The magnitudes assigned 
to the stars proceed in order as the stars diminish in bright- 
ness. Is there a definite relation between the brightness of a 
star of one magnitude and that of a star of the next succeediag 
magnitude? The question may be put more specifically. In 
what ratio does the brightness of the stars change as we pass 
from the first to the second magnitude or from the second to 
the third? Is there any definite relation or is it just a matter of 
tbance? Were the stars divided into magnitudes according to 
e general scientific scheme or was it merely at the conven- 
B of the early observers? The answer to this question, in 
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whatever form it may be put, is ob'i'iously of great importance 
to the astronomer. 

Hipparchus, 127 B.C., was the first to form a star catalogue 
and assign magnitudes to the stars. His results have been 
preserved to us by Ptolemy, but we are not aware on what 
principle be made the division. Obviously he grouped all the 
brightest stars in the first magnitude; the faintest stars he 
placed in the sixth, and those intermediate in brightness he 
distributed in the other classes. ^NTiether it was a matter of 
accident that he chose six classes, or whether he had a definite 
idea of a light ratio in making the division we do not know. 
Ptolemy is silent on the subject, and it seems probable that if 
there had been a governing principle he would have stated it. 
In any case, tor centuries the magnitude of a star remained 
only an incidental piece ot information to assist in identifying 
it, and not until the time of Herachel, when variation in stellar 
light was being closely studiediand he was making comparison 
of the brightne^ of the stars, did the matter become one of 
importance. With the growth of photometric work it became 
necessary to investigate this relation, with the result that we 
have a very definite formula, known as Pogson's rule, which 
as follows: — 

Let A be the brightness of one star, 

let B be the brightness of a second and fainter stax, 

let A m be their difference in magnitude; 

(1) then^ = (2.518)'"" ■ 

If we place A m = 1 we find that a star of one magnitude is 
2.512, or approximately 2^ times as bright as a star of the next 
lower magnitude, and that this holds everywhere on the entire 
scale; that is, there is a constant ratio existing between the 
brightnesses of stars ot successive magnitudes. A few tacts in 
the history of the derivation of this number may now be given. 
Sir John Herschel' was one of the first to formulate some 
such numerical relation, deducing it from observations made 
• JJem., R.A.S., 3, 182. 
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at the Cape of Good Hope. His results were somewhat tents- 
tive, and he concluded that the quantities of Hght emitted 
formed a series of inverse squares, such as 1, i, i, i^j, ■^, etc.; 
the light emitted being the inverse square of the magnitudes, 
1, 2, 3, 4, 5, etc. At another time he said that he thought it 
better in the case of stars below the sixth magnitude to halve 
the light of each magnitude to get that of the nest lower, thus 
introducing a geometrical ratio, i, indicating the relative 
brightness between two magnitudes, as i, ^, ^, i^j, etc. There 
seemed no desire on the part of astronomers to disturb the 
general assignment of magnitudes due to Ptolemy, since that 
would involve too great confusion. 

I believe this principle, which assigns a decrease oF light in geo- 
inetncal progression, according to the powers of i, while the order 
of magnitude increases in arithmetical, is preferable to that wluch 
would estimate the light by the reciprocal square of the magnitude. 
. . . From some experimcDts I have made with apertures of various 
■iies I am led to believe that the actual ratio of the light of a star 
of the first magnitude to one of the sixth is at least 100:1; for I found 
that Sirius, when viewed with an aperture of three inches, was equal 
to a large star of the fourth magnitude, with two inches, to a star of 
the i.S magnitude, and with one inch its impression on the eye, in 
■piteof the large planetary disk it exhibited under those circumstances, 
was fully equal to that of a bright star of the sixth magnitude seen 
with the (ul! aperture of eighteen inches, which would give 324:1; 
and admitting Sirius to have three times the light of an average star 
of the first magnitude, we get the ratio above stated. 

Other workers in photometry from the beginning adopted 
the geometrical ratio as the true relation, the question left to 
them being to find its value. It is generally known as p, so that 
the formula given above as Pogson'a rule should read in general 
A 

b' 

Several astronomers and physicists began working on the 
problem. The method of investigation was to select certain 
stars the magnitudes of which had previously been determined 
with considerable accuracy; to find by various photometric 
means their actual light ratio, and then by using the above 
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equation to find the value of p. Steinheil, in 1835, workiiig 
Munich, found from the observation of thirty stars the value 
of p to be 2.831. In 185 iJohnaon, at Radcliffe, found from the 
observation of sixty stars ranging from 4.1 mg. to 9.7 mg, the 
ratio of diminution to be 0.424, its reciprocal being i.358. He 
also quotes values obtained by several different observers, 
using instruments varying from a 3.5-inch to a 15-inch re- 
fractor and an 18-inch reflector. "Yet their determinations, 
notwithstanding many and great individual anomalies, pre- 
sent a general appearance of consistence and agreement wl 
can hardly be accidental."' 

It may be interesting to note them. 



Herscbel 
Strove 
Otto Struve 



.407 



.406 



Argelander 

Groombridge 

lUdcliSe 



pre- 



.424 



The mean of these is .412, ot p = 2.427. 

Before referring to the suggestion of Pogson, which led to the 
final adoption ot p = 2.512, it will be convenient to traDsf< 
equation (2) so as to find the value of A m, as follows: 



<») 

(4) 



B 

log g = A m log p, 

log ^ - log B 
a m = ; ■ 



I 



It will be seen that log p enters as a divisor in the equation 
when Ain is the value sought. Let us now introduce a fei 
other determinations of the value for p and also their lof 
rithms. 




Steinheil 


2.831 


0.4519 


28 stars 


Jolmson 


2.4«7 


0.3851 


(mean) 


Stampter 


2.519 


0.4012 


132 


Pogson 


2.4 


0.3802 




Mean 




0.4030 






> Baddifft Obi., 


1851, App. ti. 
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■fiiDoe these values of iog p differ considerably among them- 
selves, and the mean value is .4036, Pogson decided arbitrarily 
to adopt the value of 0.4, on account of its convenience as a 
divisor, thus making (i equal to 2.512. It is a curious coinci- 
dence that this determination seems to have been entirely unin- 
fluenced by the suggestion of Herschel previously quoted, rrit., 
that a star of the first magnitude was one hundred times as 
bright as a star of the sixth, for proceeding according to the 
hypothesis that the brightness changed by a constant ratio we 

I should have in this case 
\ 
bhici 
lonvi 
nnivc 



= 5 mg., ^ - 100. 

log ^ - log B 

Am 



logp "- 



MiiclL is precisely the same result. On account of its general 
mvenience this value of p as adopted by Pogson has found 
oiversal acceptance. A few later investigators have made 
other determinations of the value of p, and efforts have been 
made to discover if it really is constant, and expresses a law 
inherent in our psycho-physical natures, but a discussion of 
these efforts lies somewhat outside the scope of this volume. It 
should i>e remembered, however, that in the end, all of these 
determinations lead back to Ptolemy's classification, which 
was handed down at first quite unchanged, and later, when 
improvements were foimd necessary, it was altered only by 
internal adjustments, its outer Umits remaining fixed. The 
brightest stars only are an exception to this, because, in order 
to conform to the general light ratio, they have been pushed 
out of the first magnitude, as it were, into zero or negative 
nugoitudes, ao that we have > 

1 Ret. BP.. Anaali. H.C.O., SO, S37, Tftble vn. 
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Siriui 


-1.68 


^Ononia 


0.34 


Canopua 


-0.86 


Pnx^oo 


0.48 


Vega 


0.14 


oEriaani 


0.00 


oAurigM 


o.et 


(SCentouri 


0.86 


ArctUTUa 


0.24 


AlUir 


0.80 


«' Centauri 


OSS 


Betelgeuae 


0.92 
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The statement of Johnson that this agreement of results for 
the values of p cannot be accidental is true, for all of the 
observers used the same scale of magnitudes for their deter- 
mination. Hence if the photometric devices employed were 
correct, the values should agree fairly well, and their uniformity 
is a test of the method rather than of the validity of the law. 

The subject cannot be left without referring to the psycho- 
physical law of Fechner, with which this problem is intimately 
connected. Briefly stated, Fechner's law is that as a stimulus 
a geometrical progression its resulting sensation 
1 an arithmetical progression, but that there is a 
slight deviation from the extreme rigor of this relation when the 
stimulus becomes very intense or when it becomes very slight. 
The relation may be expressed mathematically by the formula 

S = C log R, 
where S is the intensity of the sensation, R the stimulus, and 
C a constant. In thb particular case S, which is the sensation, 
is equivalent to the magnitude of the star, and R, which is the 
stimulus, b equivalent to its brightness, but as we have no 
absolute standard for brightness, and can only measure it rela- 
tively, we must compare two brightnesses. 

Let A and B be the brightnesses of two stars, and Jf j and M% 
be their magnitudes. Then 

M, = C log A, 
Mt^C log B; 
hence if, -if, = C Gog .4 -log B). 

or Am=CClog/l-IogB). 
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This may be written also 

Am 

-^=- logA-logB, 

if! A 



If Let e'-p, 

■nd we have 

which is identical with equation (2), derived before. The value 
of p may be found as described above. 

It should be stated that the derivation of the preceding for- 
mula and the determination of the value of p by Pogson had 
been published before Fechner promulgated his law, which was 
not until 1859; and the latter himself states that this very rela- 
tion did much to suggest to him his law, and he considered it 
the most important confirmation of it. It has just been stated 
that Fechner 's law is not considered rigorous for the extreme 
values of the stimulus, and in support of this, evidence has been 
offered from the study of stellar magnitudes showing that this 
ratio is not absolutely constant throughout the scale. It seems 
hardly consbtent, however, to the author, to base any such 
reasoning on the study of stellar magnitudes, since at best they 
are referred to standards which have been determined empir- 
ically, and rest ultimately on the classification of Ptolemy. 
Furthermore, it is not clear that the magnitude is a sensation 
of which the brightness la the stimulus, because the use of mag- 
nitudes seems to be merely a convenient way of classifying the 
brightnesses, which in themselves are sensations. This is not 
the place in which to enter into a psycho-physical discussion, 
and enough has been said to present the problem. It will be 
better to proceed to illustrate the application of the formulai 



which b extremely useful. 
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Examples of Pogaon't Rule 

. If star A is twice as bright as star B, what is the difference 
in magnitude? Using eq. (4) we have 



log 



logg Q-SQl 



0.4 



The difference in magnitude 

. If star A is one hundred times 
is the difference in magnitude ? 



.75. 



i bright as star B. whi 



Am-' 



'' B log 100 _8 
^ log /» " 0.4 " 0.' 
The difference in magnitude is 5. 

8. The faintest star visible in the Lick telescope is of the 17th 
magnitude. Polaris is the standard Snd mg. star. What is 
their relative brightness? Using eq. (3) we have 
A 



log -^ = A m lc« p. 



log 



■ 15 s 0.4 = 6.0, 



■^ - 1,000,000. 



Polaris is a million times as bright as a 17th mg. 



star. ^H 



4. The magnitude of Sirius is —1.43. Find its light ratio to 
Polaris. In this case Sirius is star A and Polaris star B, and 
A m is 3.43. 



log ] 
A 



=• 3.43 X 0.4 = 1.374. 




Sirius is ti3.53 times as bright as Polaris. 
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5. The variable star Algol loses 1.1 mg. in going from maxi- 
mum to minimum. What per cent of its total light is lost? 

Let A » light of Algol at mayimum >■ total light, 
B " light of Algol at minimum; 

then --: « ratio of the brightness at Tninimiim to the total 

light. 



and 1 — -^ » amount of light lost. 

Am* 1.1. 
From eq. (3) 

log — - A m log /> =• 1.1 X 0.4 



0.44, 



1 ^ 
log- 



9.56, 



^-86 

1 -^ - .64. 
A 

The amount of light lost is 64 per cent of the total light. 

6. If at the time of minimum a star has lost one third of its 
light, what was the change in magnitude? 

^ AS' 



B 
A 



2 



Am 



B 

Am 



^Qg| Jog 1.5 0.176 
log/)" 0.4 " 0.4 



.44. 



The change in magnitude is .44 mg. 

We have also the following table of relations which are of 
convenient use in making visual comparisons of stars. For 
example, if we decide that star A is twice as bright as star B, 
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then the diffefenoe in magnitude m the sense A-^Bia .44. If 
B is one third as bright as il the difference inthe sense il — J9 
is 1.2 mg. Only a few values such as are mast likely to be of 
frequent use are included. Other desired values may easily be 
found. 



A 
B 


A-B 


B 
A 


Am 
A-B 


1.5 


M 


.75 


SI 


£.0 


.75 


.07 


M 


S.5 


1.00 


.50 


.75 


8.0 


1.10 


M 


IM 


4.0 


1.50 


S5 


1.50 


6.0 


1.75 


.10 


8.50 





CHAPTER VI 

VISUAL PHOTOMETRY 

Visual observations of a variable star consist in comparing 
its brightness with that of another star which is supposed to be 
constant in brightness. They may be made in two ways, first 
by direct eye estimates of the comparative brightness, either 
with or without a telescope, and second with the aid of a pho- 
tometer attached to a telescope. Both are included under the 
heading "Visual Photometry," since the eye itself receives the 
light of the star. 

A variable star should be compared in precisely the same 
manner in which a star ot constant brightness would be com- 
pared, as illustrated by the work ot Sir William Herschel; that 
is, by placing it in a series with at least two other stars and indi- 
cating in some way different degrees of variation in its bright- 
ness. The method most commonly used is that of Argelander, 
which is based directly on that of Herschel, its chief difference 
consisting in the way in which the steps are indicated. It will 
be remembered that Herschel introduced a rather complicated 
system of dots, dashes, and commas, to represent successive 
degrees of difference in brightness. In place of these Argelander 
uses ordinary numbers, and the varying degrees of brightness 
he calls " steps," so that his method, which is now in very gen- 
eral use, is called Argelander's step method. Though the main 
points of it have been described in the preceding chapter, in 
connection with the work of Herschel, a repetition of them in 
this place is desirable in order to make the subject complete. 
It should be stated that the form in use was of gradual develop- 

jnt, and that at times Argelander also used symbols to repre- 

9it steps. These, however, are not recommended to the 

V /ihw>rvi>p. and hence are not included in this descrip- 




104 



THE STUDY OF VARIABLE STARS 



tion. A full account of them will be found in Hagen*s Die 
VerUnder lichen Sterne. The method has been frequently de- 
scribed, since it is a simple way of making comparisons when 
no photometer is at hand. Articles oq variable stars and hints 
for making observations have appeared several times in the 
Popular Astronomy, to which the reader ts referred for further 
descriptions.' 

In selecting the stars with which to compare a variable, 
those nearest to it in brightness should be chosen. Two at least 
are necessary, one a little brighter and one a little fainter. The 
variable aud the one with which it is to be compared should be 
in the field of the telescope at the same time if possible, or at 
least should not be so far apart as to require much motion of 
the telescope to bring them into the field in rapid succession. 
Some recommend that the obser^'er should fix his eye on one 
ctar at a time, looking at it intently before pas^ng to the other. 
There are such frequent fluctuations in the atmosphere, that it 
is oul>' by this method that he can obtain a distinct impression 
cf its brightness. Alternate obsn'vations of the two stars will 
give a truer impression than a amultaneous obser\-ation of 
both. In niakiug the comparison, dtber each star must be 
brought into the middle at the fidd by moving the telescope. 
or rfse they should be placed ^^nmetrically with rrferraice 
lo the inid<lle of the Md. In cwtrast to the above mle, tbe 
wrilvT has iVtm found it rety oMful when observing faint stars 
to kxtk at both at tbe same time, tnang averted or side \~ision, 
lor the foIk>wiu|> reawut. It b knovn to every tAsemvi with 
the tetcsct^pe, that a funt obje<:t at the limit at vision can be 
KHV more easily if ve do tM>t kxtk at it directly, bat to one side, 
or abovr it, « if the ry« )5 passed lapitfly over it with a swevp- 
ki( I^M t Wk D this B Iz«P fcr ose hint star it is equally neees- 
Mqr vkMtt rwf ri«c t«« vtach ate at Ike Init of vision. In 
•k«nli« « led sUr it tt MccaBMT. M tlw oOtr kttid. to tab a 

t J. A rwUmt. P9r.juuu 
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rather prolonged steady look at it, since the impression of ita 
brightness deepens as one looks. 

Having selected the comparison star as directed above, and 
having given the steady gaze, the observer is ready to make his 
estimate. Since the stars are always fiuctuating in brightness, 
one glance is not sufficient to enable the observer to make a 
definite decision, hence he should look several times, each time 
making an estimate and in the end adopting that one which 
occurs most frequently. As Herschel suggests, when there is 
veiy great difficulty in coming to a decision, one should cast the 
Q'es upon the ground, and when they are refreshed look again 
open the stars to be compared. This can be done literally only 
when observing in the open without the telescope, but the 
principle is the same, and needs no further elucidation. When 
the eye is tired and the mind is fatigued with its own indecision, 
a brief rest will bring a quicker decision in its train. 

If as a result of such careful comparison, the two stars, which 
may be called a and p, seem to be of absolutely equal bright- 
ness, they should be written down a k, or simply a r. or a ■= p. 
Also if they do not seem to be equal, but half the time a appears 
to be a very little brighter, and half the time v is the brighter, 
still the final result will be a c. This Herschel represented by 
the period, " ." , as a symbol. 

If it happens, on the other hand, that star a appears the 
brighter of the two rather more than half the time, but that 
there is an element of doubt in the observer's mind as to which 
is really the brighter, while sometimes a appears equal to v, 
then we can say that a is one step brighter than v. or a 1 c, the 
brighter star being written first. If one star is certainly brighter 
than the other and yet only very little brighter, the interval is 
called two steps and written aiv. Sometimes this difference is 
expressed by saying that one star, and only one, can be inter- 
mediate between them in brightness. Three grades represent a 
difference about which there ia no doubt, but still not a great 
one. The observer can have no difficulty in defining it for him- 
self. Higher than this it is not advisable to go by the simple 



L. 
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step metlioii, as the uncertaioty b too great. There are other 
devices, however, by means of which larger differences can be 
estimated with considerable d^ree of accuracy when necessity 
arises, as it often does when the variable is bright and compari- 
son stars are not numerous. One of these devices is to decide 
the relative brightness between the two stars; as for instance, 
a may appear to be twice as bright as v, meaning that if another 
star as bright as the variable were to be added to it, the result 
would be as bright as a. From the table in the preceding chap- 
ter, built upon Pogson's rule, this will correspond to a differ- 
ence in magnitude of .75. Or if it is decided that v is one third 
as bright as a, then a is 1.1 mg. brighter. When estimates are 
made in this manner, the greatest care is necessary in writing 
them down. In the first case it would be quite incorrect to 
Tmte ai V, since this signifies a difference of only two steps, 
which is a very much smaller difference; but the full expression, 
a is twice as bright as p, or c is one third as bright as a, should be 
used. The writer has frequently employed this method with 
satisfactory results. 

In making comparisons for the brightness of a variable, more 
than one star should be used. The best combination is to take 
two, one a little brighter and one a httle fmnter. If convenient 
a third should be added, so as to have as many independent 
determinations of the magnitude as possible. 

The use of two comparison stars, one brighter and one fainter, 
makes it possible to employ still another method of comparison 
which was first recommended by Pickering. The two stars 
selected should not differ more than a magnitude. Let them 
be called a and b. Estimate the brightness of p in tenths of the 
interval from a to b. Thus if b ia half way between a and b in 
brightness, call it a 5 v 5 b, or omitting c write a 5 b. If a is not 
much brighter than c, we may write a I b or ai b, and if the 
variable is nearer b in brightness, we should write a 8 6 or a 9 6. 
This method, while advantageous when it is necessary to 
employ stars which differ widely in brightness, is not in general 
use. H>^ ■mwitmr ]|m occasionally used a modification of it oa 
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follows: instead of dividing the interval in brightness between 
a and b into ten parts, any convenient unit may be used, for 
example, if the variable seems to be two fifths of the difference 
in brightness from a it could be written aivib. aSv^b would 
show that e is three sevenths of the diflerence fainter than a. 
Variations are thus quite permissible, so long as the method of 
notation is fully understood. 

Another method, that of estimating the magnitude directly, 
also devised by Pickering, is used at present at the Harvard 
Observatory, and recommended by him to other astronomers. 
In order to employ it, however, the maps must be specially 
prepared. This is done by attaching to each comparison star 
its magnitude, omitting the decimal point to avoid confusion 
with the faint stars. The magnitudes are taken from the photo- 
metric measurements especially carried on for the purpose, the 
results of which are published in the various H.C.O. Annala. 
These charts may be had by any observer from the Harvard 
Observatory. This method has been found very successful and 
expeditious at Cambridge. The chief criticism that can be made 
is that there is no possibility of discovering a mistake by going 
back to the original comparison to see it a wrong star has been 
used. It has also been objected that if there should at some 
time be a change in the magnitudes assigned to the comparison 
stars, it would not be possible to correct the observations, since 
it would not be known which stars had been used. To this 
Pickering replied that if they were changed, a curve could be 
drawn which would show the differences between the two sys- 
tems of magnitudes, and corrections could be applied to the 
resulting magnitudes of the variable. The writer would ven- 
ture to say by way of comment, that while the above method b 
very suitable to observers on the staff in Cambridge, it is not 
80 satisfactory to the ordinary observer, who may wish to find 
the steps of his comparison stars, or who wishes to have them 
in his record. 

Various modifications of Argelander'a step method have been 
introduced by different observers. A full treatment may be 
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found in Hagen's l>ie Veranderlichen Sterne, chap, x. It has 
not been thought necessary to give tliem here. 

Mention may be appropriately made at this point of some of 
the precautions which must be observed in making these com- 
parisons. Some of these precautions relate to the color of the 
sttir, and others have to do with the instrument and atmos- 
pheric conditions. 

Connected with color we have two well-known phenomena 
which are called respectively the Purkinje phenomenon and 
that of Dove. A simple way of stating the former is as follows : 
if the observer starts with two equal red and green lights and 
increases them both in brightness in the same degree, the red 
light will appear brighter than the green one, and if they are 
diminished, the red will grow faint more rapidly, that is, the 
red light changes more rapidly, both in increasing and in dimin- 
ishing. This is easily illustrated by watching articles in a room 
as it is growing dusk . If there are two books in a case, one bound 
in red and the other in green, appearing equally conspicuous in 
ordinarj- daylight, as the room grows darker the green one wiU 
remain visible longer than the red one; and conversely, if at the 
other end of the day, an observer is minded to watch them in 
the early light of dawn, the red will be seen to grow bright more 
rapidly. This fact bears directly upon the observation of long 
period variables, since many of them are quite reddish in color. 
As one of these approaches maximum, i.e., grows brighter, it 
will have a different rate of increase from a white star, and will 
appear brighter than a white star which increases intrinsically 
at the same rate and to the same amount. However, there is no 
way in which this difficulty can be overcome. All that can be 
done is to select a red comparison star whenever that is possi- 
ble, and further than this to make comparisons as carefully as 
possible, taking a long look at the reddish star, as by so doing 
its brightness becomes more vivid. Care should also be used in 
combining observations made with different telescopes. If two 
stars of which one is red are observed together, first with one 
telescope, and then with one of ' * — '^~ **—'---- 
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phenomenon is esaetly reproduced, because we have objects of 
diSerent colors viewed first with one degree, and afterward 
with another greater degree, of illumination. The relative 
difference will be greater in the first case than in the second, 
therefore in the case of a red star, the same telescope should be 
used throughout the observations. Attention is called to the 
fact that while stars are never green, and rarely bluish, the dif- 
ference between a red star and a white one is of the same order 
as that between a red and a green one. 

Dove discovered that the brilliancy of the background has an 
important effect upon the relative brightness of different colors. 
When the background is very bright, the red star is the brighter, 
and when it b relatively faint or dark, the bluish object appears 
brighter. This has an astronomical bearing, since observations 
made during bright moonUght or twilight will present colors 
against a brilliant background, and hence make a red star the 
brighter. 

Other precautions depend upon the position of the stars In 
the field of view of the telescope. A star near the edge of the 
field appears brighter than one in the middle, therefore, when 
the two to be compared are not far apart, they should be placed 
at equal distances from the center of the field. When this is not 
passible, each star should in turn be brought into the center of 
the field and looked at steadily until a distinct impression of ita 
brightness is obtained. 

Another error not so easily avoided arises from what is called 
the parallactic angle, meaning the angle which the line joining 
the two stars makes witli the vertical to the horizon. A star 
which is lower in the field usually appears brighter, and some 
observers, for instance, Yendell, make the difference as great as 
half a magnitude. The reason is fatigue of the retina, and is 
explained as follows. The image on the retina is inverted. Dur- 
ing the daytime, the light from the sky falling upon the lower 
part of the retina fatigues it, as does also most artificial light at 
night, since electric and gas lights are in general suspended 
from the ceiling. Darker objects such as furnishings, tiees, etc.. 
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form their images on the upper part of the retina and do not 
fatigue it as much. Hence when the eye is used for observation 
at night, the light from the star in the lower part of the field 
falls upon that part of the retina which is least fatigued, and 
hence appears brighter than a star in the upper part of the field. 
That the physiological effect varies with the observer is doubt- 
less true, since there is a difference in the native strength of the 
eye, and also in the daily surroundings depending upon the 
ordinary occupation, which may tend to obviate this difficulty. 
At any rate some observers do not find it so marked as others. 
The best way to surmount it is to turn the head so that the line 
joining the eyes is parallel to the line joining the stars. The 
same effect is produced by using a reversing prism which may 
be adjusted so as to change the position of the line joining the 
stars. 

Other precautions are of a different character. Flying clouds 
and moonlight are to be avoided, especially the former. Doubt- 
ful observations should be rejected at once. The eye should 
have complete rest in a darkened room for about ten minutes 
before beginning to observe, at least after having been used in 
a brightly lighted room for reading. To illuminate the paper for 
making the record, some recommend the use of a lantern cov- 
ered with red, which is just bright enough to allow the observer 
to study the star maps and to see to write. 

Other causes of error to be avoided will be mentioned in the 
chapter entitled "Hints for Observers." 

We pass now to the description of several different kinds of 
photometric apparatus which have been devised to assist the 
observer in making visual comparisons. In order fully to imder- 
8tand their construction it will be necessary to consider some of 
the imderlying principles of physics upon which they are based. 
In the introductory chapter there was given a statement of the 
principle of refraction, on which the construction of the spectro- 
scope is based, and also an accoimt of the wave theoiy cf U 
It was there stated that a ray of light, in passing from a n 
of one density to that of another, ia "^ *"'" ~""' — '' 
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i at the point of incidence. In passing from a rarer to a 
denser medium it is bent toward the normtil, and in passing 
from B denser to a rarer medium it is bent from the normal. 
The law according to which this deviation takes place was dis- 
covered in 1641 by Snell, and is expressed by the following 
formula; — 



that is, the ratio between the sine of the angle of incidence and 
the sine of the angle of refraction is constant for any two given 
media. When air is the rarer medium n is called the index of 
refraction. This law was later found to be not quite rigorous, 
for the index of refraction varies slightly with the tempera- 
ture, barometric pressure, and wave-length of the incident ray. 
Hence when the value of n is given it is understood that stand- 
ard conditions, i.e., 760 mm. barometric pressure, 0° C. temper- 
ature, were employed, and that white light was used. This 
bending of the ray of light usually has no effect upon the wave 
motion which causes it. When the incident beam falls upon an 
ordinary transparent substance its ether particles are vibrating 
in all directions at right angles to that in which the wave mo- 
tion is being propagated. iVfter it emerges and the direction of 
propagation has been altered, the ether vibrations are still 
perpendicular in all directions to it. 

More careful examination shows that there are some sub- 
stances which do affect the vibrations in the light waves, so 
that when they emerge they are no longer transverse in all 
directions, but are confined to two, which are at right angles to 
each other. One of these substances is a colorless crystal called 
Iceland spar, which is a natural crystal, bounded by six plane 
fajres, lying parallel, two and two. If a beam falls upon one of 
its facea at right angles, two beams are seen to emerge from the 
opposite face, which are equally bright, but each of which has 
half the brightness of the incident beam. One of these follows 
Uie direction of the normal, thus obeying the ordinary law of 
refraction, while the other is displaced to one side. This phe- 
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nomenon is known as double refraction, and produces very 
interesting results when the crystal is rotated. They may be 
studied by placing the crystal on a table over a piece of white 
paper on which is a black pencil dot; or better still, by allowing 
a ray of sunlight, which enters through a small round aperture, 
to pass through the crystal and fall upon a screen suitably 
placed. The crystal should then be rotated in the plane in 
which it is set, i.e., if placed on a table, it should be kept flat 
during rotation. When this is done, the beam which emei^es 
in the direction of the normal remains unchanged In position, 
while the other circles about it. Thus the one ray behaves in a 
perfectly normal manner, while the other is refracted differ^ 
ently, and its <Usplacement seems to be connected with the 
position of the crystal. If the crystal is inclined to the incident 
beam the one ray still continues to obey Snell's law in the ordi- 
nary manner, and hence is called the ordinary ray, while the 
other is refracted at angles which differ according to the angle 
of incidence, but do not obey the law. Since this ray behaves in 
this unusual manner it is called the extraordinary ray. The index 
of refraction of the ordinary ray is foimd by the usual manner, 
while that of the extraordinary ray is more complicated, and 
depends upon the path of the rays with reference to the form 
of the cr>'stal. 

It is not necessary for our purpose to investigate this matter 
further. We may pass on to the phenomena which take place 
when the beam of light passes through a second crystal of spar, 
8D experiment which was first performed by Huyghens. He 
found that each of the two rays emerging from the first crystal, 
after passing through the second, was divided into two others, 
making four in all; but that the four were of unequal brilliancy, 
the relative brightness depending upon the position of the sec- 
ond crystal. Before describing this effect more in detail it is 
necessary to mention some further facts in regard to the crystal 
itself. Iceland spar crj'stallizes in different forma, but can 
readily be split mto small crjstals of a cert«in d^nite shape, 
breaking along certain planes wl ■"*" "■— — "-■* -i— — »» .»!».._ 
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age. The bounding surfaces are six parallelograms, equal two 
and two, each one of which has for its face angles two acute and 
two obtuse angles. There are eight solid angles, two of which 
are formed by the junction of three obtuse anglea. A line which 
passes through the vertex of one of these angles and is equally 
inclined to the three adjoining faces is called the axis of the 
crystal. This axis has special optical properties, which are not 
altered by the dimensions of the crystal, nor reduced by further 
cleavage, and may be considered simply as giving a direction in 
the crystal. We are now ready to study the effect of passing a 
single beam of light through two crystals of Iceland spar. 

Suppose that the beam of light falls perpendicularly upon 
the first crystal, and that the second crystal is placed so that ita 
axis is parallel to that of the first, in which case the two crystals 
are said to be parallel. On the screen will appear two spots of 
hght, of equal brightness, and nearly equal to those emerging 
from the first crystal, the diminution being due only to absorp- 
tion on passing through the crystals. Now rotate the second 
crystal ever so slightly. Immediately, two new spots of light 
which are quite faint appear, whde those already present grow 
less bright. As the rotation is continued the two faint ones grow 
brighter, and the bright ones fainter, and by the time the rotat- 
ing crystal has been turned through an angle of about 45° the 
four images are practically equal. At 90°, when the two crystals 
are said to be crossed, the images which appeared first have 
become extinguished, and the new ones have reached their max- 
imum brightness. The four are again equal at 135°; and at 180" 
the original ones have reached their maximum brightness, aa 
the crystals are again parallel, and so on. That is, there are 
loup positions in which the images are equal, and four positions 
in which only two appear, but in the latter case they are in two 
Brts, one pair being identical at 0" and 180°, and the second 
pair at 90° and 270". The motions of the four spots of light are 
also quite complicated, but as they have no particular bearing 
upon the problem in hand, which is one of measuring the 
tightness of a star, they require no further description at this 
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point. The important fact is that a method has been found by 
which the observer can diminish at will the brightness of a light, 
until it is equal to another light with which it b compared, or 
until it is extinguished; in addition, the number of degrees 
through which the crystal is turned in order to produce the 
desired effect can be measured exactly and made the basis of 
further calculations. The practical application of this to photo- 
metric apparatus will be described presently, as it is necessary 
first to give some theoretical explanation of the phenomenon of 
double refraction. 

It is evident that the crystal of Iceland spar has a special 
effect upon the rays of light passing through it, and when they 
emerge from it they will not pass through a second crystal 
freely, but are affected by the relative positions of the two. This 
is readily explained by a reference to the theory of light waves. 
The structure of the crystal is such that it will not permit 
transverse waves to pass through it in all directions, but only 
in two, which are at right angles to each other. All of the 
vibrations in the waves forming the ordinary beam are in one 
direction and all of those in the extraordinary beam are at right 
angles to it. There is nothing in the appearance of either ray 
to indicate this, and it is only discovered when they fall upon 
the second crystal, and are split up into components, parallel 
to the axis of the second crystal and at right angles to it, result- 
ing in tlje four images. When light has been altered in this way 
it is said to be poltiriied, and the crj-stal which produces the 
alteration is called the polarizer, and the second crystal, which 
is used to find out the fact, is called the analyzer. Many sub- 
stiuicea besides loclaud spar produce the same effect; even 
pcflection from glass, or from the clouds at a certain angle, will 
produce polarixation. The fact can only be discovered by study- 
ing the ligiit with a second crj-stal to see whether by rotating 
it the light is diinini^Lhcd in brightness. 

It niHj,- irsdilj" lie inferreii that this prindple can be applied 
lo tlie .Htiid,v vif sleilar brightness. If the light from a star can 
first b« polutnd. th«n passed through an analyzer, and the 
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Blyzer rotated, the light from the star will be diminished and 
ally become extinguished. If it is compared with some stand- 
1 Ught, it can be made equal to it under certain conditions 
which are under the control of the observer and are susceptible 
of eiact me.asurement. This statement is intended only to indi- 
cate how the principle of polarized light may 
be applied to photometric observations, but 
the simple crystal cannot be used, with its 
multiphcity of images, and some device must 
be introduced which will reduce them. This 
might possibly be accomplished by the use 
of & screen to stop out one of the rays from 
the first crystal, but the angle separating 
them is not large, and hence the incident 
beam would have to be of very small diam- 
eter, or else the piece of spar very thick. 
Instead a convenient contrivance is used 
which 13 called a "Niwl's prism," It is made 
by spUtting an ordinary' crystal by a plane 
which passes through the axis, or along the 
line AB, as is illustrated in the accompanying 
figure, and is perpendicular to the principal 
plane for the face AC. 

The two cut faces are then polished smooth 
and fastened together again in their original 
position with Canada balsam. This has an 
index of refraction such that by the well- 
known principle of total reflection the ordi- 
nary ray is turned aside at the joining surfaces 
and reflected out, so that only the extraor- 
dinary ray passes through such a prism, which then acts as a 
polarizer. If a second Nicol's prism, which also permits only 
the extraordinary ray to pass through, is placed in the path of 
this beam and is rotated, the emerging beam will diminish to 
extinctioii, then increase to maximum, and so on, being maxi- 
jBum twice and zero twice. The amount of rotation can be 
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measured by a graduated drde and the result used in the de- 
terminations of brightness in accordance with the law known 
as that of Malus. ^^If a beam of light already polarized falls 
upon the doubly refracting crystal the intensities of the two 
emergent beams, the ordinary and extraordinary, are propor- 
tional respectively to the cosine ^ and sine ^ of the angle which 
the plane of polarization of the incident beam makes with the 
plane of the principal section of the crystal."^ 

If a beam of light passes through two Nicols, and they are so 
placed that their principal sections are parallel, then the plane 
of polarization of the extraordinary ray coming from the first 
Nicol will be perpendicular to the principal section of the sec- 
ond Nicol, and hence the intensity of the emergent beam will be 

sin« 90^ - 1; 
that is, a maximum. If we rotate the Nicols with reference to 
each other, then the intensity will diminish in proportion to 
the square of the sine of the angle of rotation. The practical 
working of this principle will be more readily understood by a 
description of a photometer which is based upon it. The one 
best suited to this purpose, and also one which is in very gen- 
eral use in Germany, is known as the ZoUner photometer, which 
will now be described. While its construction may seem some- 
what complicated, it is understood to be quite convenient in 
use. 

The photometer and the telescope may be built as one instru- 
ment, in which case the alt-azimuth style of mounting is used; 
or the photometer is made separately in such a way that it can 
be attached to an ordinary telescope. Figure 18 shows the form 
in common use, and is excellent for indicating the positions of 
the diflFerent parts. It illustrates very well the general device 
that is adopted whenever an artificial star is used for compar- 
ison. An arm is attached to the telescope tube at right angles 
to it, which holds the apparatus for forming the artificial star, 
as well as that used to diminish its brightness and make it 
equal to the real star, for obviously the comparison star must 

^ H. Kobold, Der Bau des FixHemsffsUnu, 19. 



VISUAL PHOTOMETRY 117 

be the bri^tcr to begin with, since the image of the real star 
11 fcsmed in the usual way by li^t ooniing down the tube of 
the tdescope, and cannot be altered. Opposite theopeningof 




Figan 18 

TBB ZQlLNKK PHOTOMBTEB 



tlu8 nde arm is placed a mirror of plane glass which sema to 
reflect tbe light from the artificial star down the tube, where 
an image is formed in the field with that <rf the real star; the 
Tedudng apparatus is then adjusted untU the two are equal, 
and by a proper computation tbe magnitude may be obtained. 
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The preceding statement merely outlines the construction of 
the instrument, of which a full description will now be given. 
It should be stated also at this point» that this photometer 
has an additional device by means of which the color of the 
artificial star can be altered so as to resemble closely that of 
the real star» a very important object to be attained. 

The light which produces the artificial star is from a petro- 
leum lamp tightly enclosed so that no light can escape from it 
except through a small orifice just opposite the end of the arm 
CD. Emerging from this the light passes through a pinhole 
diaphragm, o» in the end of the side tube. In later forms of the 
instrument, this diaphragm has several holes of different sizes 
in order to simulate stars of vaiying magnitudes. The rays 
diverge as they come through this opening, and are made to 
separate still more by passing through a double concave lens, 
m, which has the effect of making the image appear quite smalL 
They then fall upon a Nicol prism, &, which polarizes the light, 
and if passed through a second Nicol, i, by rotation can be 
diminished in brightness until made equal to the real star. But 
at this point the device is introduced by which the color is 
altered. It consists of a thin plate of quartz, Z, cut perpendicu- 
lar to the axis of the crystal. This is placed next to the Nicol 
just mentioned, and is closely followed by another Nicol, i. 
The second Nicol and the quartz section are fixed with refer- 
ence to each other, but the first Nicol can be rotated, and 
through its rotation, by the principles of interference, the color 
is changed to agree with that of the real star, and in this posi- 
tion all three pieces can be clamped together. The light as it 
emerges from the second Nicol is thus polarized and colored. 
It then passes through a third Nicol, K which acts as an ana- 
lyzer, and on rotation diminishes it until it is equal in bright- 
ness to the real star. In practice, however, this third prism is 
stationary, and the system which contains the quartz is rotated, 
the angle being read from the scale nn\ The beam of light then 
passes through a double convex lens, /, which serves to collect 
the rays and throw them upon the plane glass mirror, ee', 
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whicb reflects them down the tube of the telescope, forming an 
image at the focal point side by side with that of the real star, b. 
Since this mirror b thick enough to reflect from both front and 
back surfaees, there will be two images of the artificial star, gg, 
one on each aide of the true one. The order of adjustment of 
the different parts of the instrument is as follows: the two 
NicoU i and k are set parallel, the telescope is pointed so that 
the star to be observed is in the Geld, the first Nicol k is turned 
until the light of the artificial star has the same color aa the 
real star, after which the two prisnris k and i and the quartz 
crystal I are clamped together. This part is then turned until 
the artificial star has become diminished in brightness into 
equality with the true star, and the circle by which it is turned 
is read in degrees. The rotation is continued until equality is 
again secured and another reading taken, there being four 
positions of the Nicol in which this will occur. From the four 
readings the brightness of the real star can be determined in 
comparison with that of the artificial star taken as a stand- 
atd. 

The difference in magnitude can be obtained by combining 
the results in accordance with tbe law of Malus and Pogson's 
rule, aa the following example will show. 

If / is the angle through which the Nicol is turned in order 
to produce equahty of light, then the intensity of the image 
formed would be measured by X sin' /, where X is the inten- 
sity of the incident beam; that is, the real star A has a bright- 
ness X sin* I, where X is the brightness of the artificial star. 
The brightness of the standard star, B, must be measured in 
the same way, and will be represented by X sin' /', where /' 
is the angle through which the Nicol is turned in order to pro- 
duce equality of light for the standard star. Hence the ratio 
ID brightness will be 

A sin' 7 

5°sin»/'' 
This may be reduced to a difference in magnitude by Pogson'a 
rule: — 
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'^ 'sin'/' '^ ' 
log sin* /—log sin* V 



0.4 



The following numerical example may be given: — 
Ut / = 22°. sin / = .37, 

/' = 18". sin r = .31, 



A >» = ' 



0.4 



=.38. 



As stated before, there are four positions in which equality 
of light is produced, each of which must be read. Therefore the 
circle is graduated into four quadrants in suoh a way that the 
angles can be read from it directly. The image has its majdmum 
brightness when the two Nicols are paraUel. This position is 
then marked 90° on the circle, smce sin* 90° = 1. The other 
positions for equality will be ISO" - I, 180° + /, 360° — I. 

This photometer, as we have said, has been extensively used 
abn>ad. The entire work of the Potsdam Photometric Durck- 
wuaterwjf of the Sorthem Bfnams was carried on by Miiller 
and Kempf with instruments of this design. We may therefore 
Appropriately gi^'e here some account of this important work. 
Its purpose is to furnish the photometric magnitudes of all of 
the stars in the BD. down to magnitude 7 J. Each volume con- 
tains the stars of a single tone; the first Eone extending from 
0" to itO" declination, the second from 20° to 40°, the third from 
40° to 60°, and the fourth from 60° to 90°. A fifth \-oIume con- 
teini the geoen) c»bJogue cl 14,199 stars. It was begun in 
ISM aod tlw itttiodiKtioB to the first vcJmne, published in 
ISM. cocrtaiBi an account of the projected plaa. Since the 
bn^tMsses of the stars are only relative, and the unit to which 
tbcj- are referwd is entipdy arbitrary, it seemed desirable to 
MK>w ibc example of the English and American obser\'ers and 
adtipt IViUris as tlie staitdanl.* This coarse however was open 
to t)w ot^ectioa tint Mam ««aU bvqoently differ very widely 
t Air.. I, T. 
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in altitude from the star under observation, and hence a large 
correction for atmospheric absorption would be required; it 
was therefore decided to adopt a large number of fundamental 
stars suitably distributed, compare them exhaustively with the 
pole star and among themselves, and then use them in making 
the actual observations of other stars. They were selected so 
as to lie in three zones, having declinations 10°, 30°, and 60°, 
at intervals of 30 m. in right ascension, to range in magnitude 
from S.O to 6.7, and to include 144 stars,* which were combined 
in 432 pairs in making the inter-comparisons. Corrections were 
applied for the atmospheric absorption. The colors were also 
compared, and numbered according to the following scale; 
white = 1, yellowish white = 2, whitish yellow = 3, yellow = 4, 
reddish yellow = 5, yellowish red = 6, red = 7.^ Careful inves- 
tigations were made to discover if there were any systematic 
errors between the results of the two observers, Mtiller and 
K^mpf, depending either upon the extent of the difference in 
magnitude between any two stars of a pair, or arising from a 
difference in color. The results showed that while a relation 
was apparent the errors were too small to injure the results. 
Hence all of the later determinations depended upon the mean 
i (if - K).' 

The photometer, it should be remembered, gives only differ- 
ences in magnitude between pairs of stars, and it remained to 
deduce the final magnitudes from the observed differences. 
Since there were 4S2 combinations, this had to be done by a 
series of approximations, assuming arbitrary initial values for 
the magnitudes of the individual stars. The values adopted 
were taken from the Durchmitatening of Argelander, first be- 
cause they were entirely independent of determinations at 
Potsdam, and secondly because the 432 equations give the 
differences in brightness only, and the absolute system can be 
determined arbitrarily. Furthermore, the BD. is much the 
1 most complete catalogue of star magnitudes and will be for 
) long time an almost indispensable source for studies in 
a PhU. DM., r, 17. • loo. cit. 109. ' loe. «(.. 111. 
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stellar brightness; kenoe it is desirable that new photometric 
catalogues should so far as possible be connected with its 
system. An inspection of the table which gives the differences 
Potsdam — BD. shows that their greatest values are ^ 0.89 
and +0.76»^ but these large deviations may well be due to errors 
in the DM. itself. The mean difference is 0.27. The mean of 
the star magnitudes for both systems is 6.02, so that at mag- 
nitude 6.0 the two agree exactly. 

The exactness of the Potsdam magnitudes is indicated by 
the fact that the relative brightnesses of the fundamental stars 
are correct to 0.05 mg. A correction to the whole ^stem may 
be made at any time if it should seem desirable to change the 
standard. Therefore the material afforded by the magnitudes 
of the standard stars is very exact and homogeneous. 

The next photometer to be considered will be that designed 
by Pickering and known as the meridian photometer. It is 
described at length in Annals, H.C.O.» vol. 149 and later modi- 
fications are given in volume 23. In this form of photometer the 
principle of polarized light is used, but in quite a different form 
from that utilized in the ZoUner instrument, as the following 
preliminary statement will show. 

In place of using a Nicol prism as a polarizer, which permits 
only one beam of light to pass through it, another form of 
double image prism is used which permits two beams of light, 
polarized in planes at right angles to each other, to pass through 
the analyzer; as the prism is rotated, one image diminishes 
while the other increases, and when the point of equality is 
reached, the circle is read. Instead of an artificial star the pole 
star or some other close circumpolar is used for comparison, and 
the difference in magnitude can be determined directly from the 
circle readings. A description of the instrument is given below. 
An excellent drawing^ of it can be found in Young's General 
Astronomy, an adaptation from which is given here. 

Two lenses, 10.5 cm. in diameter, and of the same focal length, 

» Potsdam Phot. DM., I, 116. Table v. 

' C. A: Young, Gen. Att., ed. 1891, 473. Gizin & Company, publishers. 
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e placed side by side in the same tube, which is set horizontal 
io an east and west line. In front of each is set a plane mirror 
at an angle of 45°, adjusted in such a way that it reflects into 
the tube stars which are on or very near the meridian. The 
mirror of one is adjusted so as always to send the light of the 
pole star through one lens, and the other can be rotated about 
an axis m such a way as to reflect stars on any part of the 
meridian into the second lens. The latter can also be turned by 
rods and made to reach a star of any declination a quarter of 
an hour before or after its meridian passage. The mirror which 
serves to reflect the pole star is also capable of adjustment and 
can bring it into any part of the field. The two lenses are some- 




Figure 19 

PICSXItlNG'S UERIDIAK FHOTUMETEB 

what inclined so that their optical axes are not parallel, but lie 
at such an angle that their images would be formed at the same 
point. Just before this point is reached a double image prism, 
D, made of Iceland spar compensated by glass, the object of 
which is to bring the two pencils of light together, is inserted 
in the path of the rays. Each of the two beams of light falling 
upon it is separated into two, which are polarized at right 
angles to each other. The two outer Ijeams, a, and b,, i.e., a 
extr. and b ord., are cut oflf by a diaphragm, and the two inner 
beams are made to coincide, and pass through a Nicol prism, 
which may be rotated and the amount of rotation read from a 
scale, C. They then enter the eyepiece, where the observer 
sees two star images, one coming from Polaris, and one from 
the star to be compared with it. The images will consist t^ 
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light polarized in planes at right angles to eacb other, and con- 
sequently, when the Nicol is rotated, one image wiU diminish 
in brightness, while the other increases, and there will be four 
positions in which they will be equal. Much care is required 
in adjusting the different parts of the apparatus in order to 
obtain the desired results, the details of which are fully de- 
scribed in Annals, 14, 1-8. The process of observing is as fol- 
lows. Two persons are required in the work, the ob3er\-er, "A," 
and the recorder, " B." .\ dark curtam cuts off the light of the 
room from the eyepiece where the observer sits, while the 
recorder is placed at the side of the table, with a sidereal clock 
and all necessarj- papers before him. The obser\er "A" brings 
the pole star into the middle of the field by moving the northern 
prism with adjusting rods. The recorder "B" selects the star 
to be compared in accordance with a plan previously made, 
and turns the southern prism so as to bring this star also into 
the field. "A" then places the image of Polaris near that of 
the other star, and turns the Nicol until the two images are 
equally bright. The recorder then reads the circle to tenths of 
a degree, the observer turns the Nicol still farther until the 
images are again equal, and the recorder takes the reading. 
The observer then turns the northern prism, which throws in 
the image of Polaris so that it appears on the other side of the 
second star, and makes two more settings. This last change is 
made in order to eliminate a personal error arising from a right 
and left comparison, the possibility of which was earlier dis- 
covered by Pickering when making similar observations of 
lapetus (Annala, 9, 222). The time consumed in making each 
observation is one minute. As the observations are pretty 
continuous, one star being brought into the field as soon as 
another has been observed, a series is limited to about an hour. 
The method of reduction will be slightly different from that 
adapted to the Nicol prism and the Zsllner photometer, for 
here we have the rnse of two iTitagcs in which the light is polar- 
ized in planes nt right angles to each other. Hence the intensity 
of one will be A oos* / and 6 sin= /, where A and B are the in' 
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tensities of the incident rays, i.e., the brightnesaes of the two 
stars. If / is the angle counted from the position where the 
image of Polaris disappears, then A is its brightness, and B is 
the brightness of the other star. Then, since the images are 
equal, we shall have 

A cos' I = B sin* 7, 



and 

K hence, by Pogson's rule, 



= tan* /. 



and 



log tan* / 



Further details of the computation and the construction of 
tables for facilitating it may be found described in the Ann<da. 
The second prism is turned so as to bring the image of Polaris 
into the field at the beginning, middle, and end of a series. In 
order to see if the two prisms are in good adjustment. There 
are three errors to which the star magnitudes are subject; the 
first may result from a possible difference in the images formed 
by the two object glasses, the second from atmospheric absorp- 
tion, and the third from any possible deviation of the magnitude 
of Polaris, which is assumed to be 2.0. All of these sources of 
error were investigated, and material collected and prepared 
for making corrections for them. In view of the recent discov- 
ery of the variation of Polaris it is interesting to inquire if it 
was revealed by this investigation. Pickering states that since 
all of the observations were reduced by means of the pole star, 
the residuals of the standard stars would show whether it 
varied or not. But from a study of them the conclusion was 
drawn that it did not undergo a variation of long period. After 
the variability became known and its period was found to be 
3.968S days, the residuals were grouped according to the phase 
and the means taken. The evidence of variation was unmis- 
takable and the form of the light curve was ea^ly obtained. 
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With a smaller instrument similar to this the first VTilumeof 
the Harvard Photometry was made, and published in 1884. Its 
purpose was the observation of stars not fainter than the sixth 
magnitude lying between the pole and 30° south declination. 
In preparing the list the various catalogues and charts con- 
structed to include such stars were carefully consulted, namely 
Argelander's Uranometria Nova, Heis's AUas CoeleslU, Gould's 
Vranometria, and the Durckmiuterung, from which all stars 
not fainter than 6.5 mg. were taken. The final catalogue con- 
tains 4200 stars. At a later period a second meridian photom- 
eter was constructed, having larger lenses, and intended for 
determining the magnitudes of fainter stars. For this reason, 
since Polaris was too bright for purposes of comparison, X 
Ursae Minoris was used as the standard star. 

The object was to determine the magnitudes of stars, chieSy 
of the 9th magnitude and brighter, iO.liS in number, in zones 
20' wide at intervals of 5°, from — 20° to the north pole. Vari- 
ous other volumes containing observations made with these 
two instruments have been issued by the Har\'ard CoUege 
Observatory. Altogether they form a most valuable contribu- 
tion to the study of stellar pbotometrj*. 

There are several other photometers which make use of 
polarization apparatus, but the two described are the best 
known and have been most extensively used. A third pho- 
tometer, designed by Pickering, makes use of an artificial star, 
the Ught of which is cut down by a photographic wedge in order 
to equal that of the real star. The accompanying figure shows 
its construction, which in general outline is similar to that of 
the ZijUner photometer. 

The tube which is attached to the end of the telescope bears 
at right angles to it an arm containing the artificial star. The 
light from an incandescent lamp, L, passes through a small 
aperture in the diaphragm, D, then through a condensing lens, 
P, which projects it upon a plate of plane parallel glass, B, 
from both surfaces of which it is reflected, forming images in 
the focal plaoeof tiie objective at £ and J*, on either side <^ the 
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The subject ot star color and its effect upon visual photo-* 
metric measures has been referred to several times in the pre- 
cetUng chapters, but it becomes still more important when the 
Htudy of photographic photometry is taken up. Hence a dis- 
cussion of it should precede the consideration of the general 
subject of this chapter. Mention has been made of Chandler's 
scale in connection with the colors of variable stars, and of the 
Potsdam scale in the description of the Potsdam Photometric 
Durchmuslemng. These two are not the only scales. Argelander 
first suggested a chromatic scale, which consisted of four colors, 
red, orange, yellow, white; but he realized that his own eye was 
not very sensitive to color impressions, and made very UtUe 
systematic study of star colors. 

In 1872 Schmidt,' from the observatory at Athens, wrote to 
the Nackrichien an account of the results of liis experiments in 
the study of color with different telescopes in different localities. 
He came to the conclusion that within certain limits color can 
be expressed by a nmuerical scale. From his series he excludes 
such colors as green, blue, and purple, which are seen in the 
components of double stars, and also the greenish shimmer 
which many isolated stars have, and limits himself to the 
orange, or colors which, beginning with pure white, pass 
through all the stages of yellow and finally emerge into red. 

In my experience ndther a pure whit« nor a decidedly red star 
occurs. In all the so-called white stars, such as SJrius and Vega, I find 
some, though very little, mixture of yellow. In all the red stars, with- 
out exception, the fundamental color is an intensive yellow, with a 
decided, though unequally strong, iucUnation toward red. This is the 
case with Antares. A true red, caimine. or blood red, a red such as I 
know in the protuberances, the red of the Fraunhoter line C. I have 
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sever found Id the case of a star. Therefore in my scale I make pure 
white 0, and the true red, without any mixture of yellow, I value 10. 
Between these two ties the bright yellow at 4, the intense golden yel- 
low at 6, and all my red stars have numbers between 6.5 and 9. 

The rest ot his paper contains interesting remarks on the 
color of variable stars, which belong more properly to the 
chapter on the statistical study. 

Other observers adopted scales of the same sort, but aligned 
different numbers to the different shades of color. They found 
that the estimations of the color were affected by moonlight, 
twilight, dust, or cloud, though Schmidt thought only the 
twinkling on the horizon need be regarded.^ The instrument 
also has an effect on the color. One observer found that com- 
parisons made with a reflector and a refractor differed, as the 
latter has chromatic aberration, while the former has not. 
Argelander says that a certain star will appear brighter in con- 
it to a white star the larger the light gathering power of the 
ipe which is used to observe them. This is explained 
by the Purkinje phenomenon, which was described in the pre- 
ceding chapter. Most of the earlier comparisons were merely 
eye estimates. Chandler * makes some interesting general re- 
marks in connection with a paper on the colors of variables, in 
the introduction of which he says: — 

I had long been impressed with the importance of an investigation 
of the sort in question, but bad been deterred from undertaking it by 
the difficultiea, physical and physiologieal, in devising a rational and 
practical method, and the establishment of a correct color-scale. 

He adopted a scale similar to Schmidt's though not coincid- 
ing with it, in which corresponded to white, 2 to yellow, 4 to 
full orange, and hence up to 10, which is full red, such as we find 
in stars like S Cephei and R Leporis. His remarks upon ita 
adoption are interesting and illuminating. 

It is freely admitted that there is much vagueness in this descrip- 
tion, as well as in the mental picture of the imaginary standards to 
which it was sought to refer the estimates. The difficulty is inherent 
' J. G. Hugen, SJ., Ver. St.. 178. ' Atl. Jour.. 8, 137. 



^ Argelai 

^^nelesco] 
^ W the 




sly 

. the 



18« THE STUDY OF VARIABLE STABS 

and haa been a:pcfiet>c«d by otlier observen. Indeed, tn the b^in- 
\g, befoK confidence had been acquired by practice I strongly 
! doubted whetiier the method would yitJd results to be depended upon; 
but tm further acquaintance I am convinced that the certainty of the 
proceas of mental reference ot color-impressions to imaginary stAndJ 
•rds, and the fixedness of the latter, are greater than would be oattf 
ndly inferred by an obaerver previous to triaL 

In the next part of his article Chandler discusses a plan by 
which he aiade use of .\rgelauder's step method in converting 
difference in color between two stars into difference in bright- 
ncM by interposing a shade of colored glass, which by selective 
abRorption altered the apparent reUtive brightness of stars of 
dilTvrent colors. Thus a red star which appears exactly equal 
to a white star when viewed in the ordinary way, appears 
fwiiter than tlie latter when a blue shade glass is applied to the 
eyepiece, and brighter when a red one is used. 

Thaw diflurenoes, which can be estimated very precisely by Aige- 
luulir'* nietlitxi, thus become measures of the dlfierence of color, of 
Cniinw on nii entirely arbitrary scale, depending on the amount and 
oliaruet/ir of tlu! srJvctive absorption of the shades employed. 

\lt< luiike.t nsc of his scale for detennining the redness of the 
VitrlitbloH. mid comes to practically the same conclusion which 
Ht'hiuldt nHU'JMHl, uus., that the color varies with the length 
iif iidHihI. 

( Ut liiilT,' at t'ologne, worked twenty-five years on star colors, 
mid lu imm publiMhed the results of his investigation, including 
N tinUli»|tin' t>r the colors of 1009 stars. The description of his 
IUi>Mliii| <'nn l»«Mil Ik* gi\TH in his own words: — 

Tlip iiliioi'vliifi nioui «rwi alwaj's entirely darkened. I covered my 
llMtil «tid Hw wv (>iiit nf tlic telescope with a dark cloth. Theobserv< 
itlliiii* tivw WcillMi diiwn ill the dark, and the color was always ex- 
piKui^l in iHi* (tjtiiT^. (t»lj- under the most pressing circumatancea 
Hm I III' lilHlt^n m»«»pil during the time ot observation, and then only 
(ii liHiti Hi i\w alar i'ImfI. I atwaj-s estimated an unknown star with 
n>b<tf Hiv t\i It Vluiwn klar. At the oondusian of the observations, si 
llmlilH llio n\$M> \Mt *l Ihr ktMt the nest morning. I glanced over 107^^ 
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noUa and identified the stars. Before the beginaing of each evening's 
work I looked over the program, but did not take any heed of the ob- 
gervations already made. 

AVhen there was bright moonlight, unsteady air, or a too cloudy 
sky, I made oo estimation of the color. I looked long and fixedly at 
each star until the impression of its color no longer fluctuated. I 
obtained for the mean duration of a color estimate 3.21 minutes. 

He adopted Schmidt's scale, but separated the classes more 
definitely, and extended the scale on either end to — 1" brilliant 
pure white, and 12" dark pure red. He then adds the following 
remarks, which are most valuable in view of his long experience 
in this kind of work. They refer to its subjective side: — 

Having applied this scale to many stars, through thousands of es- 
timations I have tested its practicability and found that it expresses 
accurately the relatiooa among the stars as long as they are sufficiently 
bright. H their light is too fauit, white changes into gray, etc., yel- 
low into brown, and orange into reddish brown. The mass of the 
fainter stars shine in a monotonous gray. The colors blue and green 
are subjective. They arise when the observer has not protected him- 
self from the influence of outside light, such as the sliimmer of the 
starlit heavens, reflections from the metallic parts of the instrument, 
ot moonlight. These remarks are not to be applied to the vivid blue 
color of the smaller component of a double star. 

Enough has been said to show that such elusive impressions 
star colors can be classified accurately when sufficient experi- 
has been acquired. Several other determinations of star 
color have been made, and catalogues published. In the latter 
part of his paper Osthoff compares the scales of the different 
observers, and arrives at an expression of their differences. He 
also studied his own results from several different points of 
view, but it is not necessary for our purpose to carry the matter 
farther in this direction, for recent investigations have so per- 
sistently pointed to the connection between color and spectral 
type that the interest is centering now on the latter factor 
rather than the former. However, before passing to a consid- 
eration of it, it is interesting to note that while different color- 
imeters, or instruments for determining the color, such as the 
quarts section in the ZoUner photometer) have been devised 
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and successfully applied, no catalogues of star colors based 
upon their use have ever been published. As Hagen' says, 
"Colorimetry has lagged far behind photometry." 

That there is a relation between the color of a star and its 
spectrum is evident theoretically from a consideration of the 
classification of stellar spectra; and it is also ob\'ious when we 
consider how the spectrum is formed. The light of the star 
falling upon a prism is broken up into its component colors. 
The lines in its spectrum cut out certain portions of these 
colors, and there is frequently general absorption. Hence we 
can easily see that the colors which are left, when combined, 
will not give wlute light, but the resulting tone will depend 
upon the mixture. Thus we should hardly expect, as Schmidt 
evidently did, to find a star which had color like the pure red 
of the C line. Such a star might occur if that line alone were 
present or if it were the dominant color in the spectrum. 
Neither should we look for blue stars, for their existence would 
require absorption in the red end of the spectrum. But absorp- 
tion comes bi from the other end; hence the blue end is cut off 
first. The only stars likely to have the blue color predominat- 
ing in the spectrum are those of the fifth type, which have 
bright bands at X 4688 and 4633. Their color can be gauged 
by remembering that they lie about half way between the F line 
and the G group in the solar spectrum, and hence will be a 
bright, rather light blue, but a decided blue, with no tin^ of 
another color. Unfortunately these stars are rather faint, and 
none of them are found in the catalogues of colored stars. The 
best list of stars of the fifth t j-pe was prepared by Mrs. Fleming, 
and is found in Ann(ds, H.C.O.. vol. 56, no. VI. Only four stare 
on this list in the northern heavens are bright enough to be 
found in the PD., and their colors as given there are W+ or 
GW. Barnard gives some interesting facts in regard to the 
focus and color of certain temporary stars. In writing of Nova 
Lacertae' in 19U, he states that it had two distinct fod. At j 
one of them the image had but htUe color and was si 
' Vtr. SL, tai. « AJI. * 
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by a reddish glow. The other image was of a beautiful crimson 
color, surrounded with a grcenish-gray glow, and was in focus 
8 mm. farther from the object glass. He explains it as being 
due to the great brilliance of the Ha hne. This star would seem, 
then, to be an illustration of Schmidt's long sought tor type 10, 
of which he says : " A true red, carmine or blood red, a red such 
as I know in the protuberances, the red of the Fraunhofer line 
C, I have never found in the case of a star," 

It is a curious and interesting fact that both Schmidt and 
Osthoff rather avoided the subject of the color of double stars, 
but seemed to take it For granted that among these ut least, 
stars of a true blue were to be found. While the discussion of 
this point does not bear especially on the subject before us, it 
may be admitted perhaps, on account of its very great interest. 
An investigation of the subject was recently made by Mr. Louia 
Bell,* who approached it from the point of view of physiological 
optics. He was led to do so because of the great variety and 
bizarre array of colors assigned to the components of double 
stars, such as may be found in any of the English books con- 
taining lists of these objects. Webb, for example, in his Celestial 
Objects for Common Telescopes, uses such adjectives as lilac, 
mauve, cool gray-green, ashy yellow, smalt blue, topaz, fawn 
color, etc., colors never found in isolated stars. An examination 
of the use of these names shows that they are applied in nearly 
every case to the smaller component of a pair, which may be 
indiscriminately an optical or a physical double. This fact was 
long considered to indicate that the smaller star was not so far 
advanced in evolution as the brighter component, and hence 
would show a spectrum of an earlier type; but even such a 
spectrum would not give a blue color, since stars of the early 
type are pure white, or a pale yellowish white. Besides, this 
certainly could not be regarded as a valid explanation when 
we consider the fact that such colored doubles are not always 
uy systems, but may be merely optical doubles, in which, 
I vhile the two stars are jn the same line of sight, one is far dis- 
' Ap. J.. 31, SM. 
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tant from the other, so that there can be no possibility ot 
physical connection between them. 

It has long been known that contrasts in color are in soi 
way related to the difference in magnitude. Struve found an 
average difference of about 0,5 mg. for doubles of exactly the 
same color, a difference a Utile greater than a magnitude for 
doubles which had slightly different colors, but a difference of 
over two magnitudes when the colors were decidedly unlike. 
The study of the spectra of a few doubles, which Bell found on 
the Harvard records, where the spectra of both components 
bad been photographed, showed that where they were of the 
same spectral type they did not differ greatly in magnitude or 
in color. Where the companion was of an earlier tj'pe than the 
principal star, there was a decided contract in color, and a 
greater difference in magnitude; such as 

e Bodtis; Star A, mg, 2.7, K, very yellow; 
Star B, mg, 5.1, A, very blue. 
The letter refers to the spectral type. There are a few ii 
in which the primary has the earlier spectral type, in wl 
case there is again a contrast in the colors; e.g., 
ft' BoOtis; Star A, mg. 4.5, F, flushed white or yellow; 
Star B, mg. 6.5. K, greenish white, yellowish 
The epithet "yellowish azure" applied to a star of type K at 
once shows that the subjective element in estimating the color 
is very strong. 

The possibility of this was not ignored by the earlier worl 
in double stars, but it was dismissed from general con^derati< 
for two reasons: firstly, the colors must be real, because tbqr 
persisted even when the primary was hidden by an occulting 
bar; secondly, if such colors are due to contrast they must be 
complementary. Bell's paper then continues with an exposi- 
tion of the various physiological causes which can produce such 
phenomena, and ends with an account of experiments made 
with artificial doubles to prove them. These causes are familiar 
to readers who are pro6cient in the subject of physiological 
optics, and can only be mentioned here. They are "simultane- 
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ons contrast," "fatigue color," the "Purkioje phenomenon," 
and "dazzle tints." 

The preceding pages show the importance of color in making 
visual observations of stellar brightness. We shall now see that 
it has an equally important effect upon the photographic image 
at a star; but before considering this point it will be necessary 
first to give some account of celestial photography in general, 
including some practical matters regarding telescopes. 

The first astronomer to suggest that the size of the photo- 
graphic image of a star would vary with its brightness and the 
diu^tioD of the exposure, was Professor G. P. Bond' of the 
Harvard College Observatory, In 1858 he published an article 
in the Astronomische Nachricklert on Stellar Photography, In 
which he made the following introductory statement. The 
entire passage is quoted because it shows that he saw the 
problem clearly, but also that certain technical difficulties 

caped him. 

Photographs of Stars of unequal brightness present marked pecu- 
Panties in size and intensity, when their images formed in equal ex- 
posures are compared ttigether, at once suggesting the posaibility of 
classifying theiu according to a scale of photographic or chemical 
magnitudes, analogous to the common optical scale, but diSering from 
it essentially in the fact of its being based upon actual measurements, 
in place of the vague and uncertain estimates to which astronomers 
have hitherto resorted in attempting to express with numbers the 
relative brightness of different stars. 

There are three particulars in which the proposed sj-stem will have 
an unquestionable advantage over that in common use. provided that 
the chemical action of the starlight ia found to be energetic enough to 
furnish accurate determinations of its amount. It will be less liable 
to be affected by individual peculiarities of vision. There will be less 
room for discordance between different observers, or for disagreement 
between the conclusions of the same observer at different times, as to 
the qualities or proportions constituting the various grades of magni- 
tude, — Lastly it will meet perfectly the greatest of the many difficul- 
ties of the problem — the comparison of stars exhibiting diversity of 
color. 

Though Bond erred in regard to the difficulty presented in 
' A.ii. lU8-fi9. 
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the last statement, its existence can hardly be considered a dis- 
advantage, because while diversity of color has added to the 
complexity of the pr(»blem, the efforts to overcome it ha\-e 
greatly added to our knowledge. 

Bond concluded hia article by saying: — 

There seems to remain in the way of obtaining a very high df^ree 
of precision by those meana, only the difficulty of preserving an 
equable chemical susceptibility in the surfaces presented to the light 
of the different stars. It cannot be doubted however that this ele- 
ment ean be kept so far under control tliat the errors introduced will 
not exceed those produced by atmospheric perturbations or from 
other disturbing agencies which cannot be counteracted. 

That this latter objection has been met b shown by a positive 
Btatement made by Hartmann: ' 

We assume here only that every plate has the same sensitiveiiesa 
over its whole surface, and that the development, and other treat- 
ment of the plate, have been precisely tlic same for all different points. 
D we should not make these two assumptions, the photometric 
utilisation of photographic plates would be enthety impossible. 

The next point to be considered concerns the appearance 
and formation of the star image. Certain facts in regard to it 
are obrious to any one who has examined many photographs of 
the heavens; namely, the fact that the star images are not 
round over the entire plate, whOe they may be perfectly so near 
its center. Farther away, they will be elongated, usually in the 
direction of the radius. Their density is also irregular away 
from the center, so that the discs are often anj-thing but uni- 
form. Sometimes they are elongated with the maximum of 
density at one end of the ellipse, making them quite imsym- 
metrieal and difficult to measure. There are sometimes spuri- 
ous images on a plate, false stars, which however can usually 
be distinguished from the real star by their appearance. It is 
not known whether they occur in the development or prepara- 
tion of the plate. The appearance of the image is also largely 
affected by the accuracy of the guiding of the telescope, for 

' Ap. J, 10, 3*i. 
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which two devices are in general use and may well be described 
here. In one case a second telescope is mounted parallel to the 
photographic instrument, at which an observer is placed whose 
duty is to gel the instrument accurately pointed by setting the 
crosswires on a star, and then to keep it in that position during 
the entire exiwsure. With a large, heavy instrument there are 
usually extra motors, which may be used or not at the will of 
the observer, and will put the telescope into the correct position 
again if at any time the clock work shoidd fail to keep it true. 
The other device for guiding is an integral part of the plate 
holder which is attached to the end of the photographic tele- 
scope. In the method previously described, this is firmly faa- 
1 tened to the tailpiece, and while it may be removed, it is not 
lovable. In the present case the plate holder, which is called 
K double slide plate carrier, is movable itself, and slides in two 
ctions at right angles to each other, the motion being easily 
mtrolled by two screws. The main telescope is carried by ita 
>ck work, which must he accurate, though not sufficiently ao 
f the fine piuposes of photographic work. A star on the edge 
4 the field is used as a guiding star, and its light is reflected out 
o the side and into the eyepiece by means of a totally reflecting 
prism, situated just within the framework carrying the plate 
holder. Here the observer places his eye, and as before sets the 
crosswires on the star selected for the purpose, and keeps hU 
watch, moving the plate holder as the necessity arises. This 
apparatus has been used very successfully with a large tele- 
scope, such as the Yerkes, ' where the use of a guiding telescope 
of suitable size to ensure accurate guiding would be impossible. 
The attachment is illustrated in the accompanying photograph, 
which shows the end of the forty-inch with the plate carrier at- 
tached, the plate holder being removed. On two sides may be 
seen the screws which control the motion, and in the upper part 
the guiding ej-epiece projects at the side, while the totally 
[feflecting prism is dimly visible just within the edge of the box. 
The next point to be considered is the formation of the star 
' G. W. Eitehey, Yerkes Olu. Pub., a, 389. 
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image. A star is a point, and its tight impinges upon only ihc 
minute spot on the plate which corresponds to the center of 
the image; how is it then that a disc of regular form results from 
the chemical action? Charlier • answered this question by stat- 
ing that the light of the star falling upon the plate is scattered 
either liy fluorescence or reflection. A portion is thrown to the 
side through the gelatine film and by its chemical action pro- 
duces the star image, while the rest of the light is scattered. 
The light deeomposes the silver salt which is spread o^-er the 
plate through the medium of the gelatine film; the action of the 
develoiKT cauiH'iS the silver particles to be deposited wherever 
the light has fallen upon the plate, and the fixative washes 
away Uie silver salt which has not been affected by the Ught. 
The star image consists, then, of an aggregate of silver particles, 
and hence its character wiQ depend upon the size of the grains 
and the uniformity of their distribution. The size of the grain 
depends ujxiii the brand of plate, being largely under the con- 
trol of the manufacturer. Also acme brands contain more silver 
than others in the salt. An important investigation of this mat- 
ter was made at the Lick Observatory by Perrine,' who exam- 
ined the images formed on several kinds of plates having differ- 
ent lengths of exposure, and with the use of several kinds of 
dcveli^iirra. He found that the best results could be obtained 
by giving the light time to act entirety through the thickness 
of the gelatine film, and by a full but slow development. Thin 
films ap|)eiu- to give much more reUable results than thick ones, 
particulurl^' for fast work, and rapid plates with an increased 
proportion of silver are found to yield more accordant results 
than plates with the normal amount of silver. Thus it will be 
seen that the formation of the star image on a photographic 
plate depentls upon se\'eiul factors, the general character of 
thv pinte aud the length of exposure time being tJie two most 
prominent. 

Tl» apjie«ranc« of the star image is also affected by the 

instrumeut with whii^ it is photographed. On e^'ery n^ative 

' .1 (;. xtx, 3. ■ L.O-B.. DOS. Its, U8. 
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taken with a reflecting telescope the images of the bright stars 
will have rays more or less marked extending from them, usu- 
ally four prominent ones at right angles to each other, and four 
others not so strong half way between. This is due to diffrac- 
tion around the supports of the second mirror, which is placed 
near the opening of the tube in order to reflect tlie light out to 
the side where the plate holder or eyepiece is placed. The phe- 
nomenon does not occur in photographs taken with a refracting 
telescope. 

Sometimes a very bright star, photographed with a refractor, 
will be surrounded with a ring or halo of light some little dis- 
tance from it. The halo is due to the action of an excess of hght 
which has penetrated entirely through the film to the back of 
the glass plate and is then reflected toward the gelatine, upon 
which it acts just as the incident hght does. This occurs only 
with a bright star, and cannot be avoided, ordinarily. It comes 
about necessarily as a result of the effort to make the exposure 
long enough to get the faint stars, for then the action of the 

» bright stars goes on too long. 
Another effect, dependent upon the kind of telescope used, 
has to do with chromatic aberration, which is quite apparent 
with the refractor, but is non-exiatent with the reflector. The 
object glass of a telescope does not bring all of the colors in a 
beam of white tight falling upon it to a focus at the same dis- 
tance behind the object glass. It can be ground so as to bring 
part of the colors together in the same focal plane, the selection 
of which is largely under the control of the manufacturer, 
and is made to depend upon the purpose for which the telescojw 
is used. If it is to be used for visual work, then the colors to 
which the eye is most sensitive, namely, the orange, yellow, 
green and blue must be brought together. In this case, the 
focal point of the violet and ultra-violet may be several milli- 
meters farther in, the distance depending upon the aperture of 
the lens and its focal length. These distances for different wave- 
lengths must be found on a scale which is attached somewhere 
at the eye end of a telescope, and the investigation of this mat- 
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ter is one of the earliest pieces of work to be done after a large 
telescope lias been set up. It is carried out by taking photo- 
graphs of the spectrum at different focal distances. When the 
values have been found, they are usually plotted, with the 
wave-length as abscissa and the distance as ordinate, and 
the resulting curve is called the color curve of the telescope. 
The following diagram shows the color curve of the Yerkes 
40-iQch telescope, which was determined by Fox ' in 1908. 

The numbers at the side represent the change in focal dis- 
tance in mm., the upper part of the figure being toward the 
objective. The long curve has its flattest part from X 5000 to 
\ 6400, showing that the lens is corrected for visual rays. The 
small curve shows the effect of introducing the correcting lens, 
which is used for photographing stellar spectra. It brings the 
rays from X 4000 to X 5000 to a focus at the same distance be- 
hind the object glass, thus covering the region used for the 
photographs. A further reference to its use will be found in 
the chapter on spectroscopic binaries. 

Since the photographic plate is most sensitive to the action 
of the light from the bine and violet end of the spectrum, it is 
evident that the visual telescope will not ordinarily take good 
photographs, but that an instrument must be specially con- 
structed for the purpose. There are certain devices which can 
be used to overcome this obstacle, such as using with a visual 
telescope a yellow color screen,' which will cut out the violet 
rays that are out of focus and allow a sharp image to be formed. 
Sometimes a specially stained plate, which has been made sen- 
sitive to the action of red light, can be used. The latter method, 
which is of great importance, will be treated at length later on. 

The reflecting telescope is entirely free from this defect, and 
hence all of its light is utilized in forming the star image, while 
it is obvious that with the refractor part of the light must be 
lost, whatever the method employed. 

The focal length of the telescope has an important bearing 
on the photographic result. The objective may have a long or 

> Ap. J.. 37, us. ■ G. W. Ritchey, Yerkti Obi. Pvb.. 3, 389. 
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a short focal length, depending upon the purpose to which it w" 
to be put. A large lena with a short focus will give a very bright 
image, but a small one; while another of the same aperture, but 
greater focal length, will give a larger image, but one not so 
bright. The greater the distance of the focal point from the 
lens the larger the image, though it continually grows fainter 
per unit of surface. It is ob%'ious that the total amount of light 
falling upon the plate will be the same in both cases, but where 
the telescope has a small focal length this Ught will be con- 
densed into a small image, which will therefore be brighter than 
the larger image resulting from the greater focal length. This 
relation is usually represented numerically by the ratio between 
the aperture of the objective and its focal length; e.g., the ratio 
1:5 would indicate an instrument of short focus, 1;16 is ordi- 
nary \nsual length, and 1:20 or 1:30 would be considered a long 
focus. The forty-inch Yerkes telescope has a ratio of about 
1:19. The two-foot reflector has a ratio of about 1:4. The 
Bruce photographic telescope, as shown in Plate VII, con- 
structed under the direction of Professor Barnard.' has three 
telescopes in one mounting; two photographic, which have aper- 
tures of ten inches and six and one-fourth inches, and focal 
lengths of 50. 3 inches and thirty-one inches, being both in the 
ratio 1:5; and the third, a visual telescope for guiding, of five 
inches aperture and focal length apparently the same as the 
ten-inch photographic of fifty inches, making its ratio 1 : 10. 
It will be seen that the short focus lenses have great Ught- 
gathering power, which makes them especially suited for the 
photography of the fainter celestial bodies, while the longer 
tocus instrument with the larger image is better for visual work 
in which micrometric measurements are to be made. 

The preceding remarks bear upon stellar phott^raphy in 
general, but we may now pass to a consideration of some of the 
points which have to do directly with the relation between 
visual and photographic magnitudes. In making observations 
of %'ariable stars we compare the brightnesses of different points 
' Ap. J., 21, 5S. 
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of light as they affect the retina, while in making photographic 
observations we must compare the sizes of the images impressed 
upon the photographic plate. If any of the conditions described 
above alter in any way the response of the plate to the relative 
brightness of the stars in the sky, then the deductions made by 
measuring the sizes of the star images will be erroneous. Evi- 
dently color is a most important element to be considered. It 
has been stated that the blue and violet raya in the spectrum 
have the strongest actinic power, and hence will make the 
strongest impression upon the photographic plate. The stars 
which are strongin this part of the spectrum will therefore make 
larger images on the plate than stars which are deficient in it, 
even though of apparently the same brightness to the eye. The 
difference between the two impressions will depend on the 
spectral type of the star. According to the classification of 
stellar spectra, stars of the Sirian tj-pe are strong in the violet 
and ultra-violet and are very white in color. Stars of the solar 
type have more lines in this part of the spectrum and are yel- 
lowish in color, a condition which results from the cutting off 
of a part of the violet light of the star. Stars of Secchi's types 
III and IV have large general absorption in the violet end of 
the spectrum and are decidedly red in color; therefore theredder 
the star the greater the difference between its \'isual and photo- 
graphic magnitude in relation to white stars. Wiile for pur- 
poses of photometric work it is necessary to eliminate this 
difference, its very existence, as hinted before, has led to its 
being used to determine the spectral type of stars from the 
difference Ijetween their visual and photographic magnitudes. 
Successful efforts have been made to overcome the difficulty 
by staining the photographic plate so as to make it more sensi- 
tive to the long waves. But before describing them, we must 
first discuss the method of determining the magnitude of a star 
from the measurements of its photographic image. 

In 1889 Charlier' investigated the method of applying stellar 
photography to the determination of the magnitudes of the 



k 



> A.O., xa, 1. 



146 THE STUDY OF VARIABLE STABS ■ 

stars. He staletj the problem thus: "To cktermine a function 
which shall represent the relation between the size of tiie photo- 
graphic images and the photographic brightness, in which the 
constants shall be so determined that the resulting photo- 
graphic brightnesses shall agree on an average with those ob- 
tained by photometric observations." The formula already 
in use was ^ 

(1) in=a-61ogZ>, M 

where m was the magnitude, D the measured diameter, and ^| 
and b constants. & is a number which depends upon the instru- 
ment and kind of plate used, while a depends upon the clear- 
ness of the atmosphere and the duration of the exposure, a, 
then, will vary with each plate, but b will be constant so long 
as the same brand of plate b used with the same instrument. 
Charlier tested ' the formula by taking photographs of the 
Pleiades with four different lengths of exposure, 13 m.. 1^ h., 
S h., 3 h. He then selected fifty-two stars, the photometric mag- 
nitudes of which had been verj' well determined by Lindemann, 
and measured their diameters. Each star afforded an equation 
of the form (1), there being fifty-two in all, which were then 
solved by Cauchy's method for a and b with the following 
results: — 

b = 6.719 

= 6.779 

= 6.683 

= 6.814 
Mean = 6.75. 
showing & to be constant and independent of the time o 
sure. In order to find a he transformed equation (1) in 

a=m + 6.75 log Z), 
with the resulting values 

a= 18.77 

= 20.71 
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the variation depeading on the length of the exposure. In order 
further to test the formula he substituted values for a, b, and D, 
to equation (1) for each star, and compared the resulting value 
of m with the initial value. The average difference pkotom. — 
■photog. was ± .24 nig. Among the residuals the value 0.6 
occurred twice, 0.5 twice, 0.4 four times, 0.3 twelve times, 0.2 
twelve times, 0.1 ten times, 0.0 seven times. Many other points 
were included in the investigation, which was carried out in a 
thorough manner, and the formula has been in quite general 
use since. However, other investigators have made use of a 
somewhat different function of D. Parkhurst,' for example, 
adopted the form _ 

Mag. = a-h^D, 
where a is a constant for each plate, depending on the eicposure, 
while J> is a function of the emulsion and conditions of develop- 
ment, which are kept constant in agent, time, and temperature. 
For example, using a Seed plate on a twenty-four inch reflector, 
he found on developing it ten minutes in liydro-quinone at 20" 
C. that the value of b was .94, the unit being .001 mm., and this 
was constant so long as the above conditions were observed. 
The value of a was found for each plate by using visual magni- 
tudes of white stars. At another time Parkburst * found the 
ftmnula 

to fit the Cramer plates better. 

Whichever formula is adopted the net result is the same. 
From the magnitudes of the known stars on the plate and the 
measured diameters of their photographic images the constants 
a and b can be determined, and thereafter used in finding the 
magnitudes of the unknown stars. For a given series of plates 
b need be determined but once, for it is constant, while a de- 
pends on the length of exposure, wliich is different for each 
plate. In determining both a and h white stars should be used. 
Hence a knowledge of their spectra is esseutial before the stand- 
ard stars can be selected. 

' Aji. J, 37, 171. » Ap. J., 23, 79. 
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We are now ready to consider some of the applications whid 
have been made of this method of determining photographic 
images. Obviously it can be used in the study of variable stars, 
particularly of the short period variables. Sometimes on the 
same plate at regular intervals of time several exposures are 
taken, from which the variation in brightness can be deter- 
mined. So many researches of this sort have been made that 
it is not possible to mention them all. Some interesting anoma- 
lies have appeared as a result, though they still lack absolute 
confirmation. The light curves, as determined by photometric 
and photographic observations, do not always agree. Some- 
times the form is different and sometimes the time of miiumum 
is not the same. 

Reference has been made at several points to the necessity 
of using white stars as standards. Nevertheless the existence 
of red stars cannot be ignored, and it is a persistent fact that a 
red star wiU not give an image on a photographic plate which 
will be a measure of its visual brightness; hence some method 
of correcting for this difference must be found, or else red stars 
cannot be studied photographically. Experiments were con- 
ducted at the Ycrkes Observatory to discover if plates could 
not be stained with some dye which would make them sensitive 
to the visual maximum of the spectrum, which extends from 
X 5000 to 5900. Many such dyes had already been investigated 
elsewhere, but the results did not seem to be entirely satisfac- 
tory; hence the need for a further effort. The work was placed 
in the hands of Wallace/ who experimented assiduously with 
several different kinds of dyes until he found one which gave 
the desired result, from a combination of pinacyanol + pina- 
verdol 4- homocol. The resulting plate he called Pan-iso. Since 
it was still a little defective, he prepared a compensation filter, 
and the two together produced the desired effect. 

The new stained plates were then used by Parkhurst and 

Jordan,' first to show that visual magnitudes of red stars could 

be obtained photographically, by taking plates of stars such 

> Ap. J.. 16, 2W. * Ap. J., a?, ie». 
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aa U Cygni; and secondly in carrying out a research entitled 
The Photograpkic Determination of Star Colors and their Relation 
to Spectral Type. The purpose of this important work cannot 
be better staled than in the authors' own words: — 

It haa long been recognized that eye estimates form a very unsatis- 
factory method of determining star colors, and an urgent Deed has 
been felt for some means of accurate measurement. The plan we are 
foUowing seems to supply that need, and also aids in the solution of 
two vety interesting problems. First it enables us to co-ordinate visual 
and photographic magnitudes, thus allowing us to use as standards 
the visual magnitudes of the white stars from the best modern photo- 
metric catalogues, and at the same time avoid many of the inherent 
difficulties and systematic errors of visual measures of colored stars. 
Second, important data are added for the study of stellar evolution 
since the relation of color to the stages of stellar development is very 
close and capable of quite precise determination. 

Our method is based on a suggestion first made (as far aa we are 
aware) by SclLwartzschlld, that the difference betwecD the visual mag- 
nitude of a star and that obtained from ordinary photographic plates 
would give an accurate measure of the star's color. He called tliis 
difference "Farbentiinung," or color index. Our addition consists in 
determining the visual magnitudes also by photographic means, and 
making both determinations practically ^mullaneous. With this in 
view, pairs of ordinary and iso-chromatic plates were taken regularly 
with the 44 inch reflecting telescope of this Observatory, and a 
method was suggested of deriving the "visual" magnitude from the 
iso-chromatic plates. 

The two kinds of plates used in thia work were Seed 27, the 
"ordinary" brand, and Wallace's Pan-iso plates. 400 color 
pairs were obtained, and the photometric magnitudes obtained 
by the formula 

The resiUts were correlated in several different ways: first, the 
difference in magnitude between Seed and Pan-iso, when 
formed, was called the color intensity; secondly, the magnitudes 
of thirty stars, obtained from Pan-iso plates, were compared 
with the Potsdam magnitudes obtained photometrically, the 
agreement showing by the small differences that visual magni- 
tudes could actually be obtained from photographic plates; 
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thirdly, s Ust <rf forty-nine stars wss arranged in order of a 
intensity and tabulated, the ^tectra showing that as the stars 
advanced in tj^pe, the color intensity became greater; e.g., two 
V type stars at the beginning of the list had color intensity .08 
and .03. and two K - M stars at the end had I.8S sad 1^. 
The two sets of values in the tabl« were plotted, the spectn] 
fypes being hud off as ordinates, and the diffoertces in magni- 
tnde, visual — photographic, as abadssas, and the accompany' 
ing ciu^-e was drawn. 
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SPECTRAL TTFE ASD OOLOS JXTENSITY ■ 

The same curve can be used to obtain the spectral type for™ 
faint stars, since the difference rU. — pholog. magnitude can 
be obtained by comparing the results from the two sets of 
plates, and the resulting A tr, or color intensi^, when used a 
an abscissa with the curve, will give for the ordinate t 
tral type. 
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A similar curve was obtained by King,* working at Harvard 
Observatory, in a different manner. He obtained photographic 
magnitudes of 109 bright stars by measuring the densities of 
their extra-focal images, in a manner presently to be described, 
and compared them with photometric measures from the 
Revwed HP. The differences were then arranged in order of 
spectral type, Oe — M- The means of the values of A m were 
taken, and the results plotted as abscissas with tlie spectral 
type as ordinate, resulting in a curve very similar to that of 
Parkhurst. 

Reference has just been made to the method of obtaining 
photographic magnitudes by means of measuring tbe density 
of extra focal images. As the process is somewhat complicated 
a rather detailed explanation is necessary. The extra foc^ 
images must be compared with a series of standard images, the 
densities of which have been measured, and correspond to 
known differences in magnitude. The two sets of images cannot 
be compared directly, but through the medium of a photo- 
graphic wedge, which may be prepared in several different 
ways, the only requisite being that the increase of blackening 
must be uniform. The method of preparing the wedge at 
Harvard ' is to expose a plate to light entering through a tri- 
angular-shaped opening bounded by logarithmic cur\'es instead 
of straight lines. Most of the photographic wedges in this 
country have come from this Observatory. The wedge and 
the standard scale are first placed in the measuring machine, 
and readings taken for the different standard images on it. 
Then the scale is removed, the star image brought into the 
field, and the wedge moved ujitil the two densities match and 
the reading is taken. From these readings the differences in 
magnitude may be obtained. 

At the Har\ard Observatory* the custom is as follows. Each 
plate is capable of receiving forty images. The usual order is to 
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expose first on Polaris once or twice, and tlien to take a numb< 
of stars, at foci so chosen as to form images of nearly the same 
density as Polaris. Next some bright star, as a Lyrae, at each 
of the different foci is taken, in order to obtain a scale of magni- 
tudes; and finally, Polaris is again taken. As a result the 
standards and the star to be measured are on the same plate, 
and are subject to exactly the same conditions of exposure and 
development. 

At Yerkea Parkhurst and Jordan ' used a set of standard 
magnitudes, obtained by illuminating squares in a sensitometer 
box by light passing through holes of different diameters. These 
magnitudes were investigated and a table formed which gave 
the value A m for each degree of blackening compared with 
that from the first hole taken as a standard. The values of A m 
were made the abscissas for the curve of the wedge, and the 
ordinates were the scale readings corresponding to different 
thicknesses of the wedge. The measurements were taken with 
the Hartniann photo-micrometer. This method has been used 
especially in measurement of light curves of short period \'ari' 
ables. At Harvard the method has been employed for deter- 
mining the magnitudes of bright stars. 

Still another method of determining stellar magnitude by 
means of photographic images has been used successfully at 
Harvard for many years. A series of photographic images is 
prepared which represent certain differences of magnitude. 
The unknown stars are then compared with the scale, the differ- 
ences being estimated to tenths. The initial point of the scale 
is then found by referring to the magnitude of some known 
star on the plate. The scale plate at Harvard ' was prepared 
by taking a plate of the Hyades, and giving it successive expo- 
sures of 3, 9, 27, 81, 243, 729 seconds, the telescope being 
moved between each two exposures. Each star image thus 
received about three times as much light as the one preceding 
it, in order to make the series represent differences in brightness 
equivalent to one magnitude. This ratio was adopted rather 
' Ap. J.. a6, 215. » AimaU. H.C.O.. iB, laO. 
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than 2.5, as experiments showed the latter ratio to be too small. 
From the photograph thus taken the strip of images of one 
star was cut out and mounted in a suitable frame. It was pro- 
tected by cementing a piece of thin cover-glass over it, and a 
handle served to hold it over the image to be measured in such 
a way that the comparison was readily made. 

This method has been applied to a study of variable stars. 
Sequences of comparison stars have been selected, and their 
magnitudes determined by comparing them with the standard 
plate. The magnitudes of the variables have then been deter- 
mined by Argelander's method of estimation. 

It would be impossible in the brief space allowed to this chap- 
ter even to mention all that has been done in photographic 
photometry, but it is hoped that the main points have been 
covered. An excellent r^sum^ of the subject is to be found in a 
brief paper by Pickering, H.C.O., Annals, vol. 71, no. 1. 

The suggestion has also been made that in order to eliminate 
any errors arising from imperfections in the eye, which still 
must be used in making comparisons ei'en with the photo- 
micrometer, it might be possible to introduce some automatic 
device which would replace the eye, such as a galvanometer, 
and use it in measuring the density of the star image, In Har- 
vard Circular, no. 155, Pickering considers the possibility of 
such devices, and suggests several, such as the thermal-pile, 
bolometer, radiometer, or selenium cell, The only duty left 
for the eye to perform would be to read the deviation of the 
indicator. These methods have not as yet been applied to the 
measurement of photographic images, though the selenium cell 
has been very successfully used by Stebbins in observing with 
the telescope. A description of his work will form part of the 
t chapter. 




CHAPTER Vm 
r..jro-Eu:cTRic pbotomethy 

Two more types of photometer hti\^ beeo introduced lately 
which bid fair to -upersede the older ones, particulu'ly for stars 
where the fluctuations in light are small, yet rapid. In both 
types the light from the star is recei%'ed on a surface which is 
electrically sensitive, so that a change in the intensity of the 
light falling upon it causes a change in the resistance, or poten- 
tial, which is roistered by some electrical apparatus. The two 
types in use (so far as the writer knows) are the selenium cell, 
successfully adapted by Stebbins ' at the University of Illinob 
for stellar photometry, and the photo-electric cell, which has 
been studied for some time in physical laboratories, but has 
only recently been apphed to problems of astronomical photom- 
etry, among others by Guthnick* at the Observatory of Ber- 
lin, Meyer and Rosenberg' at Tubingen, and Scfaults * at the 
University of Illinois. The material in this chapter is taken 
from papers published by these men. 

The great value of these photometers lies in the fact that 
they are sensitive to extremely small variations in brightness. 
With both cells the difference in stellar brightness can be 
measured with an error of ± .006 for a normal magnitude. The 
selenium cell will be described first. 

The physical principle on which it is based may briefly be 
stated as follows. The crystalline form of selenium changes its 
electrical resistance when exposed to light, or under certain 
circumstances it gives an electro-motive force when illuminated, 
hence this form, with electrodes attached, was early called a 
selenium cell. The theory of its application to stellar photom- 

> Ap. J., 37, 183; 33, 185i a6, 326: 30, *59: 34, 113- Pop. A*t„ 19, 1. 
■ VerBff. dcr K. SlemvarU ni Berlin-BabeUberg. Band i.. Heft 1. 
' VJ.3.. 48, 210. « Ap. J.. 38, 187. 
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elry is very simple. The method proposed is to attach the 
selenium cell, in a closed case, to the end of the telescope, expose 
its surface to the light of a star, and note the change of resist- 
ance by means of a galvanometer. The great objection to its 
employment is that the resistance of selenium is afTected by 
other agencies than light, and is difficult to handle on that 
account. 

The cell used by Stebbins is made by winding wires in a 
spiral form about a 6at surface, about 50 x S6 mm. in areai 
and filling the space on one side with selenium which has been 
made sensitive. The best process of sensitizing it is a commer- 
cial secret. The wires pass out at the back of the surface and 
are connected with the measuring apparatus. After many 
experiments, it was found that the following precautions in the 
use of the cell were necessary. First, the selenium should be 
kept at a uniform low temperature. 0° C, or lower. Second, 
the current should pass continually through the selenium. 
Third, exposures to light should be short, as ten seconds, with 
longer intervals for recovery. In consequence of the first 
requirement the cell is placed in an ice chamber, which is then 
attached to the twelve-inch telescope. In warm weather the ice 
is renewed every day. but in winter this is not necessary. A 
small shutter may be opened in order to expose the cell to star- 
light. The current is supplied by a few dry cells, giving an 
E.M.F. of six volts. For best results it must be applied stead- 
ily, as it has been found that if a selenium cell of 3.000,000 ohms 
is used the resistance decreased slowly, until, after half an hour 
had elapsed, a steady condition is reached. This requires that 
the current should be started at least half an hour liefore obser- 
vations can be begun. Selenium also requires time for recovery 
from light action. Hence if it has been exposed ten seconds to 
light from a star, a wait of about a minute is necessary in order 
to allow it to regain its sensibility. 

As arranged for measurement, the selenium cell is made one 
arm of a WTieatstone bridge. Two of its other arms are con- 
stant, and tiie fourth can be varied to produce a balance with 




156 



THE STUDY OF VARIABLE STARS 



the cell, the resistance of which may change from nif^t to' 
night. The deflection b read by a d'ArsoD\'a] galvanometer, 
which is at rest when the four arms are in balance. The zero 
point does not remain stationary during the evening, owing to 
small temperature changes in the selenium cell. Hence, on 
beginning a night's work a series of readings b taken, which b 
repeated once an hour in order to determine its rate of change, 
and the drift is interpolated for the time when the stars are 
measured. In practice the galvanometer and Wbeatstone 
bridge are set up in a room some distance away from the dome, 
and here the ob9e^^'er is stationed. The assistant, who is at 
the telescope, makes the exposures by mo\'ing the shutter. In 
this ease as with all other photometers, comparison stars are 
necessary-. An ob9er\~ation, or "set," consists of opening the 
shutter of the cell for ten seconds in the order, four times on a 
comparison star, ei^t times on the variable, four times on the 
comparison star again, making sixteoi deflections in all. As 
each exposure takes ten seconds, and the recover}- one minute, 
the entire "set" requires about twenty minutes. In observing 
Algol from four to six sets were considered sufBcient, unless it 
was near the time of minimum, either that of the principal, or 
of the expected secondary minimum. 

Extra focal images of the stars are used as lai^ as 7 mm. in 
i^meler. "Other experiments ha\-e shown thai for faint 
sources the galvanometer deflections are sensibly p«x>portioo«] 
to the light inten^ties, and tber^ore the ratio of the de&ectkns 
(with Pogson's ^ule^ gives at once the difference of magnitodes 
of the two stars." Tbe following example will QJustrate this. 
On January 7, 1910, eompaiisoos were made ol a Fenci aoA 
Algol, with tbe foUowing results: — 

A' a Perm, defiectioo 7.46 scale £vi 

fi - ^ Perm, de&ctkn 6.SS 

log 7.4C-lcg 63S 0.078 
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The probable error of a normal magnitude near the principal 
minimum was ± .023. and near the secondary minimum, 
± .008, thus showing a better accordance than any kind of 
visual or photographic work. Corrections were made for the 
drift of the galvanometer zero and differential atmospheric 
absorption. While this method seems extremely simple in the- 
ory, in execution it is not so easy, since it requires no small 
amount of skill in manipulation. 

The extreme sensitiveness of the cell has made it of great 
value, particularly in the observation of short period variables. 
The first and most striking result obtained by it was the dis- 
covery of the secondary minimum of Algol. This star is a well- 
known eclipsing binary, in which one component is bright, and 
the other, because of the absence of a secondary minimum, has 
long been called dark, though known to be of approximately 
the same size as the primary. From the first it seemed a diffi- 
cult fact to accept, that in developing from the same primordial 
nebulous mass, one star should be bright and the other dark, 
and the eclipse theory was rejected by many astronomers. 
Later spectroscopic observations, by proving the binary char- 
acter of the system, seemed to present further proof that the 
companion was in reality dark, for there was only one set of 
lines in the spectrum. The greatly increased sensitiveness of 
the selenium photometer over that of other kinds pre^nously 
known offered an opportunity for testing the light of Algol at 
the time of the expected secondary minimum, and evidence of 
it was indubitable, as the curve in the first chapter shows. The 
variation in brightness amounted to .06 mg. 

Other very interesting results have been published recently 
by Stebbins, on several spectroscopic binaries, the purpose 
being to discover if any of them are variables. Of the eleven 
stars examined, four were proved to show variation in bright- 
ness. Unfortunately, work with this photometer, though very 
accurate, is also slow, because the requirements are extremely 
exacting. ^\Tien the comparison star is some distance from the 
variable, and it is desired to secure results correct to .01 mg., it 
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b useless to work on any but first class nights. So far Stebl 
has not tried it on any stars fainter than third magnitude. In 
referring to other work he mentions the use of a potassium 
photo-electric cell by Scbultz. and adds that such celk have 
been successfully used elsewhere. 

The study of photo-electric cells is of such recent develop- 
ment that the subject is still one of a research character, and 
difficult to make clear in a simple way. The author will not 
attempt to pve more tban a superficial sketch of the funda- 
mental principles, and then proceed to describe tbe apparatus 
in use at Berlin-Babelsberg. The theoretical exposition is taken 
largely from a recent %-olume of Allen' on Photo-Electricity. and 
only points which bear directly on stellar photometry will be 
mentioned. Some of tbe material can best be txpr&aeA in 
Allen's own words: — 

n a genenl sense to dfirignate 
c of light. Thus the diange «f 
B expoaed to ii^t is ipokeo of SB a 
photo-ckctric actioa. Tbe tenn is more particulariy oaed to denote a 
chan^ in tbe dectriBtatioa of a bodr, due to tbe acticHi of light. In 
acconlaiKe with modem dectnnl tbcray. li^t b an electro-magiielic 
■KsturbaDcr. and aoj' efaange in the electriticatuD of a body ta caoscd 
by the aildilioB c* mnoval of ncgatire ctectioos- Hoice, from this 
stanitpoint, a pboto-ekrtrical rh^ngi- is cquivalait to tht liberation of 
negative ejertrons. under the influeace of electio-aiagDetic waves. 

Tbe Gist experiiDent sfaowing tbk pbeoomoion was made in 
18S7, by Hertx. wbo noticed that when ultra-violet li^t fell 
upon tbe spvk-fiapi, tbe ekctrical discbarge tsx>\t place more 
etualy than wbm tbe {tap was not tUuminated. and tbe greater 
the actinic power of tbe source of Bgfat. tbe more powerful the 
et^t. in tbe fuUowioi: year it was ''^wn that the action had 
its seat at tbe caihoile. or negative teriDioal of the ^}ark-gap. 
IntSitSexpecunMitskvEkterandGeitd idnwed that electio- 
p«'Mt)\'e bwlMs. Gkie aodiuHHid potasaioin. muiKested pboto- 
etrctncml acUrt^ whm ihwulJ to cnfinary b^t. Freshly 
pmltsAKd siutens «( Mc and aloniMiH cxhi^ pboto-dectri- 
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cal effect when exposed to sunlight, but when tliey are allowed 
to stand in air their activity rapidly diminishes. This is known 
as "fatigue." Later Elster and Geitel described a cell in which 
the sen-sitive surface is potassium, placed in an atmosphere 
erf argon or helium, to secure pennauence. It was designed 
for the measurement of sunlight: — 

■ Within the last decade great progress has been made by carrying 
out experiments in a high vacuum, where conditions are much simpli- 
fied through the absence of a surrounding atmosphere. Two principal 
methods of experiment may be employed [the second one of which 
applies particularly in this instance, and is the only one which will be 
referred to]. 

The current Sowing between the illuminated ptate and a parallel 
plate may he measured by a galvanometer or electrometer when a 
known difference of potential is maintame<l between the two plates. 
, . . The second method measures the number of electrons leaving the 
illuminated surface, and by varying the potential difference appUed it 
is possible to find how the number depends on llie strength of the elec- 
tric Geld. ... If an accelerating field is applied the number leaving 
the plate will rise to a maximum value, so that for further increases in 
the potential the current becomes approximately constant. 

Experiments in a vacuum in which the intensity of the incident light 
^^ was varied leil to the important conclusions that . . . (2), the num- 
^K ber of electrons emitted is directly proportional to the intensity of the 
■ light. 

^H The practical application of this principle may best be 
^Viuiderstood by reference to the photometer of the Neu Babels- 
^v1>erg Observatory, which is depicted in Figure 23. In the dia- 
gram KK is the cell chamber, and 3/ the cell. The potassium 
film forms the cathode terminal, "Kalium-Kathode," which is 
connected with the battery cells, which maintain it at a con- 
stant potential. The other terminal, the " Plat in -Anode," is a 
wire of platinum, one end of which is bent into an open ring, 
and placed immediately over the cathode, while the other end 
passes out of the cell and is connected directly with the elec- 
trometer. Thus an electric field is formed in which a constant 
difference of potential is maintained. 





The potassium surface thus corresponds to tte illuminated 
plate, and the " Platin-Anode " to the parallel plate. The light 
from the star, in the form of an eictra-focal image, falls upon 
the potassium surface and liberates electrons which escape 
from it, are caught on the plaliuum ring, and give up their 
charge, which is conveyed along the wire to the electrom- 
eter. 

Since in a vacuum the number of electrons emitted is propor- 
tional to the intensity of the incident hght, it follows that by 
means of the currents measured by the electrometer we can 
determine the relative intensities of the light from two stars, 
and hence find their difference in magnitude. 

This brief statement shows theoretically the action taldng 
place in a photo-electric cell. With it as a preface we can more 
easily imderstand the principal parts of the apparatus of 
Guthnick and Prager, which will now be described, as far as 
possible in their own words. A study of the diagram will greatly 
aid in the understanding of the instnunent, which is attached 
to a 30 cm, refractor of 5.1 meter focal length. 

The apparatus, as used with the telescope, consists of four 
parts: the cell chamber with the cell, the electrometer, the 
batteries for supplying the current for the cell and the electrom- 
eter, and the part used in setting on the star. The first three 
are tlie necessarj' equipment of any photo-electric cell, and the 
last is needed only for stellar work. Sewral accessories are 
mentioned which are required for testing various parts of the 
instrument and other purposes. 

Ill the diagram AA is the ocular end of the telescope. The 
focal point is in the plane BB, where an iris diaphragm permits 
the light of the star to pass through, but shuts out all extrane- 
ous and disturbing light, such as that from other stars, or from 
U>e heavens when Virightlj' lighted by the moon. The cell is 
alMtuI iO cm. farther (Hit. and hence the light falling on it is 
fnnii an extra-fix^ image of the star, 

Tim a in orik-r to diminish the disturbing effects of specks of 
d«!«t which will coUect on the outer walls of the cell and the 
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glass window, B, of the cell chamber. As far as the meastire- 
ments are concerned, it is immatcria] in which part of the cone 
of rays the cell is placed, so long as all of the light from the 
objective reaches it. 

The cone of rays falls upon the right-angle prism, C, and is 
reflected out into the small telescope, D. Looking into the eye- 
piece, the observer sees the opening of the iris diaphragm, with 
the star in its center. The opening ranges from I' to i' in diam- 
eter, in order to prevent the violet rays from being cut off by 
its edges, Witli a reflector, where there is no chromatic aberra- 
tion, the opening might be made still smaller, thus reducing the 
brightness of the sky background. 

The hypothenuse of the prism is silvered, in order that arti- 
ficial hght entering through E may fall upon the ceil for pur- 
poses of testing it. As soon as the image of the star is properly 
adjusted, the telescope, D, and the prism, are slid out of the 
way, so that the beam of light will fall upon the cell. FF is a 
metal plate which cuts off all light from the cell when it is not in 
use, H is a glass window, which serves to protect the chamber. 
KK, as far as possible, against the outside air. There are screws 
for adjusting the floor of the chamber so that the cell, M. shall 
lie in the optical axis of the telescope, y is an opening into the 
chamber, which can be used for examining the cell directly. 
The interior of the cell is kept dry by sodium, which is placed 
in the receptacle, L. A wire goes from the cathode termi- 
nal through the amber plate, N, to the battery cells, while the 
anode passes through a similar plate, 0, directly to the elec- 
trometer. 

The electrometer,' W, is suspended by a special derice, 
which permits it to hang perpendicularly no matter what the 
inclination of the telescope tube. This device is indicated in the 
diagram by S, and is itself supported on two strong metal bars, 
QQ, with ball bearings to insure easy motion. The anode wire 
ends at in a metal bar, about 3 mm. in diameter, which b 
directly connected with the electrometer thread, X. There will 
heod. TVulf, Pkytik. ZeiU.. is, iJO. 
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be a joint in thb bar, as it passes through the support, S, and 
in order to make a perfect contact, a special connection is in- 
troduced, which is illustrated in the side diagram, V. The bar 
ends in a sphere. In contact with it is a hollow hemisphere, 
fastened to a hollow cylinder, which rests upon the lower part 
of the bar, R, and is pressed against the spherical end of the 
upper part by means of a spiral spring within, thus insming 
perfect contact in every position of the telescope. R is protected 
by a metal tube, U. The electrometer is a string electrometer, 
and its thread is observed with a micrometer of high magni- 
fying power, having an ocular scale in the eyepiece, with a 
zero-point in the middle of the field. That part of the scale is 
used which hes on the right, or positive, side of zero, as far as 
division 30 (see drawing in lower part of the plate). The entire 
apparatus is protected at various points by wires leading to the 
earth, which serve to carry away any electrostatic charges 
which may coUect upon it, due to external causes. 

Briefly described, the operation of observing a star is as fol- 
lows. After the star has been brought into the middle of the 
field, the telescope, D, and prism, C, are drawn out of the way. 
The connection between R and the earth b broken, and the 
electrometer thread begins to move. 

Four times are registered on the chronograph. (I) Just 
before breaking the ground connection, the position of the 
thread while at rest is read, and the first time, Tj, is recorded. 
(2) When the thread passes over the third or fifth division 
farther on, the choice depending on the rate of motion, the 
second time, (j, is recorded. (3) The passage over the fifth op 
tfflith division beyond is recorded for the third time, t^. If the 
zero-point is at division three, as indicated in the diagram, then 
the transits occur over the sixth and eleventh threads, or the 
eighth and eighteenth threads, depending upon the rate of 
charging. The thread is then discharged by an earth connec- 
tion; it comes to rest, and the time, Ti, is again noted, making 
the fourth in the series. Before showing how the reduction is 
made from these observations it will be necessaiy to recapitii- 
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late the principles on which the measurement rests, 
authors, Guthnick and Prager, state: — 

The number of electrons liberated, that is, the observed photo- 
electric effect for alkali cells, as Elster and Geitel have proved rigor- 
ously, is proportional to the intensity of the illumination. The meas- 
ured velocities of the electrometer thread ore porportionaJ to the 
brightnesses of the stars. This latter statement can be coimdered 
quite exact nhile the variations remain small. 

The derivation of the formula for applying this prind 
is as follows : — 

Let Ho be the apparent brightness of the observed source a 
light. 

Ni and N« be the readings of the zero point at the times 2 
and Tt, 
S be the number of scale divi^ons passed over in the inte 

val of time (» — (,, 
A A^ be the change in the zero point during this inte 
S-AN 



then Et is proportional to ' 
To find A iV we have 



/i-(. ■ 




=• the rate of change in the zero ^ 




There follows the scheme of recording the measurements and 
their reduction, only a part of which will be given. 



1914, May H, coniparisoo of 7 Bootis with S Urs. Maj. 
Prager, S - 10^ corr. to clock - O.^S. 




FHOTO-ELECTRIC PHOTOMETRY 



165 



a. The MeaturemenU 
b. The Reduetion «f the Mmuuremenii 



8tm 


< Vn, M99. 


yBodiit 


a Ur». Maj, 


Sid.T. 


I7h29m.7 


]7h35m.7 


17h45m.£ 


N«-Ni 


-(P.08 


- 0^.01 


+ 9^18 


T«-Ti 


«9«.7 


24*.l 


29«.l 


t»-ti 


10>.48 


15«.47 


18*.96 


<t» - ti) : (Ta - Ti) 


0.68 


0.64 


0.65 


AN 


-O^'.OS 


- 0^.01 


+ 0^.12 


k)g(i-AN) 


1.0022 


1.(004 


0.9948 


log (t. - ti) 


1.2896 


1.1805 


1.2783 


log Ho 


0.7126 


0.8109 


9.7165 



[In this the small value of A iV is seen at once. From the values of 
log ITof which are proportional to the brightnesses, the values of A m 
can be found by Pogson's rule. 

log i4 - log B ^ log Fq ~ log g^o ^ 9.8109 - 9.7126 
0.4 " 0.4 " 0.4 




Am 



0.0988 
0.4 



.846. 



If the magnitudes of y Botttis and S Urs. Maj. are taken from the Pdt' 
dam Durchmtuierungf the value of A m is found to be 

8.84 - SM - .18.1* 

The corrections for loss of light, '^ extinction/* o£Fer much 
difficulty, since they arise from several different causes. Firstly, 
varies with the transparency of the atmosphere; thirdly, the 
loss of light is dependent upon the spectral type; secondly, it 
transparency of the atmosphere for the violet end of the spec- 
trum is least shortly after the end of twilight, and increases 
during the night, but not regularly. This is particularly true of 

^ Author's note. 
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nights which follow hot days. The entire matter requires much 
further investigation. Some results of the observations with the 
photo-micrometer will now be given. 

Conclusive proof is furnished that certain spectroscopic 
binaries are variable stars of veiy small range. For instance, 
^ Cephei, spectral type B 1, is a spectroscopic binary not hith- 
erto suspected of variation. An exhaustive discussion of a long 
series of comparisons between this star and a Cephei was made, 
the details of which cannot be given here. The following table 
contains the co-ordinates of the final mean light curve. The 
first column gives the phase, the second the difference in magni- 
tude, O - a) Cephei. 



Fh,m 


fl~. 


"- 


j>-. 


d 


m 


d 


m 


0.00 


4-0.142 


o.og 


+ 0.188 


0.003 


0.139 


0.10 


0.189 


0.01 


0.140 


0.11 


0.189 


0.M 


au7 


O.I« 


0.187 


COS 


aiss 


0.19 


0.188 


0.M 


aiTi 


0.14 


0.176 


aos 


0.I7B 


O.IS 


0.1TO 


O.0Q 


0.180 


0.10 


0.164 


aw 


0.183 


0.1T 


0.157 


aoe 


0.186 


0.1S 


0.1M 


0.M 


+ai88 


OilB 


+ 0.14* 



Other stars investignted and found to vary were a Can. Ven. 
whI 7 Bofitis. The same facts resulted from a preJiminarj- study 
of A Gemiiioruni and o Ptrr^ei. A long list of stars which are 
uutW oh8er\"Htit>n by Guthnick and Prager follows in the pub- 
lioati«4i. It i-H (.-iwipi^sed of many stars which ore either known 
or suBpecttd to ^-miy. 



PHOTO-ELECTRIC PHOTOMETRY 



167 



The probable error stated is not considered final, since not 
all of the systematic errors have been eliminated. The authors 
give, however, as the result from a series of obseivations of Y 
Urs. Min. and f Dracon., the probable error of a comparison 
to be ± 0.0060 mg. 

It will be seen that a method has been evolved which will 
furnish very accurate measurements of the differences in mag- 
nitude between two stars, but that the very sensitiveness of 
the apparatus makes it susceptible to disturbing influences, 
and that hence the sources of error are large. Such an instru- 
ment can be handled only by an expert. In an earlier article 
Guthnick states: — 

■ The apparently small interest which the new method has aroused 
^ among astronomers until quite recently can well be explained by 
f the fact that tlie physical and technical diCBciilties which must be 

overcome are appalling to the n on -physicist, or even cauae him to 

question its success. 

He himself acknowledges his Indebtedness to several physi- 
dsts who aided him at different points in his work. The present 
writer has had to face the above-mentioned diiBculties, and has 
depended upon her colleagues who are physicists to assist in 
making this explanation clear, and therefore begs the indul- 
gence of the reader if the language is untechnical and the 
presentation not complete. 

Before closing this chapter it might be well to bring to the 
mind of the reader in a brief survey the chief events in the his- 
tory of the study of stellar magnitude. Beginning with the 
crude classification of Hipparchus, of the lucid stars into six 
divisions called magnitudes, we find next that Plolemy recog- 
nized the fact that all of the stars of a certain group were not 
of the same brightness, and assigned to those which differed 
perceptibly the letters /* and e, signifying greater than or less 
than the average. His estimations were adopted, and main- 
tained until comparatively recent times. Herschel, in 1780-90, 
felt that the brightness of the stars ought to be more carefully 
observed, and introduced symbols, which indicated varying 
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The magnitudes of the comparison stars for a variable 
be obtained by means of a photometer, basing the determina- 
tions upon a few stara whose magnitudes can be found in some 
one of the recognized series sueli as the Ha^^■a^d or Potsdam 
photometries. If, on the otlier hand, the observer has no pho- 
tometer at his disposal, but must make all of his obser\-ations 
by the Argelander method, there are two possibilities before him. 
He may confine himself to stars which can be found on the 
Hagen charts, the Harvard photographs, or some otlier pub- 
lished map; or he can study the vanatiou of light of some new 
variable for which no list of comparison stars has been pub- 
lished. In the latter case he can determine the magnitudes of 
the comparison stars from the observations by making use of 
the estimations of the variable, and combining with them inter- 
comparisons among the stars themselves. Since this latter case 
is of very frequent occurrence, it is important to give a full 
description of it here, with an example. 

The obser\'ations in the present illustration are taken from a 
collection made by Schfinfeld ' at the Mannheim Observatory 
in 1871, the star being S Cephei. As given below they are not 
an exact copy of the text. The hour has been expressed as a 
fraction of a day. the letter v has been used to indicate the 
variable, and the order of the comparisons has been changed so 
that the brightest star is placed first. Schonfeld frequently 
made use of a quarter of a step, e.g., v 2.5-3 a, which is equiva- 
lent to r 4.8 a. but only the final value has been used in the 
example. Remarks referring to the brightness of the sky as 
indicated by the presence of the mooD are also omitted, 
observations as thus re-arranged are as follows : — 

' Dr. W. Valcnliocr. I'rr^. if. OronA. Slentirarif lu HeidelUrf, i, 4 
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Table I 



».. 


DaH,U71 


Ritimalum 


LfpUitv 


H»m 


JIUXL 


JdaiM 




d.. 










na. 


■«■ 




May S.5 


a I e. 


.4 . 


4.0, 4J0 


iJO 


.21 


4.0S 




6.5 


. 1.8 t-. 


vS.8a 


7-7, 7.8 


7.8 


.41 


am 




7.6 


I S p. 


vl a 


BJ. 6.0 


8.8 


.32 


3.01 




13.5 


a 1.8 I. 


3.5 < 


3.2. 9J 


3.4 


.18 


4.0S 




14.3 


aS f. 


c2 • 


2.0. 2.0 


2.0 


.10 


4.IS 




16.5 


n «. 


■ 0.5 t 


9.9. 10.0 


10.0 


J2 


3.71 




17.5 


. 3 t. 


lis a 


BJi, a.2 


0.4 


.39 


9.W 




19.5 


ae.Bi>. 


f2J . 


2.2, 2J 


2.4 


.18 


4.11 




81. 5 


f 1.2 », 


« . 


fl.7. 9.6 


B.O 


.50 


3.73 




iiJi 


• 2.2 V. 


IP 2.5(1 


7J. 7.5 


7.4 


JI8 


3.85 




23.5 


a0.2i>. 


iS < 


4.8, 5.0 


4.0 


.25 


3.98 




fti.B 


a 2.8 V, 


v2.2 ( 


2.2. 2.2 


2.2 


.11 


4.12 




iSJi 


a3.2», 


rl.fl. 


1.8. IJf 


1.0 


.06 


4.15 




28.5 


' 4 t. 


«1 a 


BS. S.0 


B.8 


.80 


3.03 




29.4 


a S.S f , 


>2.8 t 


2.5, 2.8 


2.0 


.14 


4.00 




31 .S 


<i2 t, 


»2,5. 


3.0, 2.5 


2.S 


.15 


4.08 



The first column gives tie number of the observation, the 
second the day, and the third the comparison. The remaining 
ooluimis will be e.Yplained later. It will be noticed first of all 
that four stars are used, a, t, i, and {T- On looking at the list of 
comparison stars which is to be found on p. 864 of the same 
volume, we find that these are 7 I^fertae, = a, € Cephei, i 
Cephei and f Cephei. In every observation two of them are 
used, and by means of the variable itself we can find the 
nimiber of steps between thera. For example, in the first 
observatjon we have a 1 », p 4 e, from which we obtain a 5 t, 
and so on. Looking over the list of observations, picking out 





The next step is to arrange these in order so as to form a light 
scale among the stars, which may be done by placing either the 
faintest or the brightest star at the bottom or zero end of the 
scale. Both methods are in use. Schtinfeld and Farkhurst 
employ the former, and Heis and Hagen the latter. In the 
present case the faintest star will be given step zero. This is 
obviously the star t. The four when tabulated in order will 
then be as follows; — 



Tabu n 



BBP. 


«. 


l.S. 


Mm- 


aV 


MM 


.Cq.hd 


0.0 


*M 


.17 


SS89 


TLmctUc 


5.0 


SMS 


MM 


.Opbd 


»£ 


SM 


SMS 


rc«pi>d 


10.9 


'" 



i 



Ttie fnuTth column in T^ble I contains the result obtained 
by making iisr ot the light step of the comparison star as found 
in Table II to find the light step of the variable. For exajnple, 
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in the first observation, a 1 c, v 4 «, a is one step brighter than r, 
but a itself has a light step of 5.0, hence v must have light step 
4.0 on the same sc&le. Also if v is four steps brighter than c 
and t is 0.0, then again v has light step 4.0. It happens that the 
comparisons from these two stars agree exactly, but such is 
not always the case, as will be seen by following down the col- 
umn. The fifth column contains the mean of the separate 
results in the preceding column. 

Since we have found the brightness of the variable in steps 
according to the light scale, it is po&sible to plot the observa- 
tions and from them find the character of the curve, that is to 
say, the period and time of maximum or minimum. Instead of 
thi^ the steps may be turned into magnitudes, and the results 
plotted giving the light curve in magnitudes. The latter method 
will be followed here. 

The comparison stars, being all bright, are found in the 
RevUed Harvard PhoUymetry (RHP.) Annals. H.C.O., vol. 50, 
froja which their numbers in Table II are taken, together with 
their magnitudes. The diSference in magnitude between suc- 
cessive stars is equivalent to the number of steps between them, 
i.e., the number of steps between a and e is 6.0, and the differ- 
ence in magnitude .38, hence to find the value of one step we 
must divide the difference in magnitude by the number of 
steps. Proceeding in this manner we find the following reaiilta 
from the different pairs of stars: — 

a c= .076, ( a = .038, f 1 = .043; mean value = .058. 

By substituting these directly in the column giving the light 
step of the variable we shall obtain its brightness expressed in 
ma^itudes. The substitution may be represented by the 
formula 

M = 4.83 - .052 X L, 
where L stands for the light step of the variable in column B, 
».g., for the first observation, 

3f = 4.23 - 4.0 X ,052 - 4.02. 
The Mxth column contains the product .052 X L. Its value, 
when subtracted from the constant quantity 4.23 mg., will give 
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tlie observed magnitude of the variable, which is found in tlie 
seventh column. 

In plotting these observations, it is necessary first to select 
the scales according to which the two co-ordinates are to be 
drawn. While it is impossible to give any specific advice on this 
subject, in general it may be said that care should be taken to 
have the resulting curve in a fair proportion; that is, it should 
not be too tall and slim, nor should it be too short and flat. 
Furthermore, attention should be paid to the division of the 
squares on the paper used. A very convenient kind of squared 
paper in which every fifth line is hcaiHer can be purchased from 
the various school supply companies. If a large square is taken 
as a unit, then each small one will represent two tenths. If a 
large square represents ten or twenty days, then the small ones 
will be one fifth of this unit. A di\-ision into tenths or fifths is 
thus obviously more convenient than one into sixths. In the 
cur\'e given below, the scale is as follows: for the abscissas 
one large block equals 2 days and a small one .4 day, and 
for the ordinate one large block is A3 ntg. and a small one 
.03 mg. 

If the observations are sufficiently well placed it will then be 
possible to determine the time of a maximum and the length of 
the period. In the present case the length of the period can be 
determined more easily than the time of maximum, since the 
observations about May 16 and 21 are not well distributed. 
Still, since the star is a short period variable, the two times of 
brightest magnitude could be used for maxima. This point will 
be illustrated more fully later on in the chapter on the mean 
light curve, where this same star, S Cephei, is used as an exam- 
ple. Usually the length of the period is obtained by finding the 
time between successive maxima, but in this case it may be 
found by taking the inter^-al of time between two similar mag- 
nitudes on corresponding branches of the curve, for example, 
the star has mg. 4.05 on the descending slope of the cur^e, on 
the dates 24.0 and 29.24; hence its period from these two observ- 
ations is 5.24 days. A longer interval may also be taken, aa 
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13.4 to 29.24. or 15.84 days, which is equivalent to three period*; 
making one period 5.28 days in length. 

The usual method of detenuining the time of masimum for a 
long period variable is, first, to draw a smooth curve through 
the observations. By this is meant that there should be as 
many points on one side of the curve as on the other and that 
the aggregate distances of the points from it should be equal 
on both sides. To use a familiar illustration, it should be like 
a tug of war where neither side has the advantage. The pull on 
one side should balance the pull on the other. 

After the curve has been finished, draw chords parallel to the 
tjme axis and bisect them. Draw a line through the points of 
bisection and continue it until it cuts the curve. The abscissa 
of the point of intersection will give the time of maximum, and 
the ordinate the corresponding magnitude or light step, as the 
case may be. In drawing the chords care should be taken to 
have them distributed fairly well, with as many as convenient 
near the top of the curve. The line which passes through their 
middle points may itself be a curved line, and there may be 
observations which give a higher magnitude than the curve 
represents. Figure 25 is plotted from observations of o Ceti 
made by Hels,' and published in the collection of bis observa- 
tions edited by Hagen. They extend from 1848, Aug. 25, to 
Jan. «2, 1849, or from Julian Day 239 6267 to 239 6415, as will 
be seen in the accompanying Table. The variation is repre- 
sented in light steps, the zero being taken for the brighter mag- 
nitudes. Since the variable is of long period, no accoimt is 
taken of the fraction of a day. Inspection shows that two points 
at least represent higher magnitudes than the curve. Follow- 
ing the directions given above, for bisecting the chords and 
drawing a line through the points thus determined, we find that 
the time of maximum ia Julian Day 239 6316 and the light 
step 3.3 on the given scale. 
■ Beobachtungen vtrtJiderlkher Sltnu, by Edusrd Hrii and Adalbert 
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Table m 



UlUm 


J.D. 


LiiUdtf 


JJt. 


VIJi 


tsoem 


6.7 


230 0347 


*6Ji 


oass 


7.8 


6SB1 


H£ 


6873 


8.9 


6313 


43.7 


(1271 


aji 


6354 


a.* 


627A 


11.4 


S3S7 


11.0 


flifll 


J3JS 


6362 


10.7 


Q29S 


19.2 


6363 


7.» 


eeoe 


20.8 


6373 


6.7 


6297 


e£.6 


6375 


6.0 


6301 


2a.i 


6376 


S.7 


6303 


23.4 


63B0 


i.i 


6307 


M.7 


0382 


4.5 


oaai 


26.2 


0383 


3.e 


6323 


28.S 


63S4 


t.i 


63M 


29.2 


63B5 


S£ 


6333 


es.6 


6380 


0.0 


6334 


32.6 


6393 


5.0 


0339 


45.2 


6415 



Before this value can be used in further work, the light steps 
must be changed into magnitudes. This can be done somewhat 
after the manner described for S Cephei, by making use of the 
magnitudes of the comparison stars as found in the various 
photometries. There is, however, another method, in common 
use at Harvard, according to which the relation between star 
magnitude and light step may be obtained. The magnitudes 
may be plotted as abscissas and the light steps as ordinates of 
points through which a curve is to be drawn, and thb ciure 
may then be used to find either co-ordinate when the other ia 
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pven. The necessary material for the example given below 
may be taken from Heb's observations of o Ceti, from the 
beginning paragraphs, where Hagen has arranged in tabular 
form the comparison stars, their light scale, and the magnitudes 
according to several different authorities. Since this method is 
in such general use, it seems advisable to take the space here to 
give an illustration. The light steps are Hagen's, and the mag- 
nitudes are taken from the Harvard Photometry. They are as 
follows : — 

Table IV 



S<^ 


aiip 


BJ: 


• Cell 


0.0 


4.8 


PArietis 


is 


2.8 


TCeti 


8.8 


3.4 


-Fiic 


0.6 


3.3 


* Ceti 


13.« 


4.1 


eccti 


16.8 


4.3 


/tCeli 


18.6 


43 


PCeti 


mji 


4.6 


XCelj 


es.8 


*.? 


-Ceti 


26.7 


4.9 


75 Ceti 


30.8 


5J 


eacoti 


(31.0) 


6.0 


TO Ceti 


33.0 


0.6 


MCeti 


84.6 


5.8 


306 B 


87.6 


S.9 



The accompanying curve was obtained by plotting the light 
Bteps and magnitudes as described above. Using the maximum 
light step 3.3, found on p. 176, we 6nd the corresponding mag- 
nitude to be 3.06. Hence a maximum of o Ceti occurred on J.D. 
238 6S16, or Oct. 15, 1848, with a magnitude of 3.06. 
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MAOtrmrDB cobvb for < csn 

e example given for forming the ligbt scale of the compari- 
tars from the observations of S Cephei involved only a few 
since the variable was of small range, and it also happenec 
the stars were paired in the order of their light steps. It 
■a sometimes that the different combinations overlap, e.g. 
ere compared with S and a, another pair would be intro- 
:, and the resulting step difference would have to be c»m- 
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bined with the others. Sometimes several such groups occur, 
in which case it is necessary to alter somewhat the method of 
procedure, and in computing the final step for each star, to 
weight the individual means according to the number of ob- 
servations included in each one. This may best be illustrated 
by reference to an example, and since one has been carefully 
worked out and published in an early number of the Popular 
Aetronomy, by J. A, Parkhurst, the present author asked 
permission from him to incorporate it in this chapter, and it is 
given practically entire. The example presents a special advan- 
tage in that the star studied is a long period variable and hence 
there is a greater range of magnitude among the comparison 
stars. 

I wtU use for an illustration my observations of 4557 S Ursae 
Majoris. from May to December, 1893, omitting tor the sake of sim- 
^t plicity the comparisona of the compariaoD stars amoDg themselves. 



Ohtenation* of i657 S Ursae Majorit 

1893 May 11 div.trSf. 

17 d 8 p. e 4 /. 

«T <fep. iF3Dr4/. 

June 19 flv.vlg. 

1 hlv.Bilc. 

10 hat,vkorvlk. 



July 
Aug. 



Sqit 



Moonlight, I not held. 



Oct 



Nov. 



Dec. 



U gir. 

SO vSLsg.fiv, 

2 flv.vle. 

10 fti.vtt,div 

IT tSf.dSori^ 

SO eHf.dSt. 

S c 3 /. ff 9 or 4 I 



I 8 m. seeiog good. 



I^rst we will form the light scale. The observations of May II 
fuToiafa a value for the interval in steps between the stsn d and /. 



18!1 THE STUDY OF VARIABLE STARS 

Since d is S steps brighter than r and v 3 steps brighter than/, it fol- 
lows that J is 5 steps brighter than/. By taking the mean of all the 
inten'ala from the observations in which o is between d and/ in bright- 
ness, a good value may be obtained. Selecting similar combtoations 
from the observations of each date, we can get values for the step 
intervals between all the comparison stare used. Intervals found by 
subtraction are not so reliable, and should only be used when better 
ones are wanting. The work will stand as in the following table, io 
vhich all the intervals between d and/ are ranged under the besdlng 
df. and similarly for the intervals between the other stars. 
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It will be noticed that these intervala do not exactly agree among 
themselves. For instance, we have the intervals/ 2 g and g ^ k, from 
which the interval / t would result. But that interval, observed 
directly, wasf 5 tc. Since tlie value/ 6 ^depends on si;; observations, 
while/ 5 k depends on only one, by giving weights according to the 
number of observations the mean value/ 5.9 k would result. The fol- 
lowing method will be convenient to make use of all the above inter- 
vab, each with its proper weight, in forming the light scale. — Assign 
the arbitrary value o to the faintest star used; in Uiis ca-se p= o. For 
the nest brighter star, O, we find from the observation of Sept. 2, the 
interval o 1 p, hence o = p + 1.0 ^ 1.0. For the next brighter star, 
n, we have from the above table, 

n = p + 3.0 = 0.0 + 3.0 = S.O, 
also n - o + 2.5 = 1.0 + 2.3 ° 3.5. 

These two values for n can be combined by multiplying each by 
the number of observations on which it depends, and dividing the 
sum of the products by the sum of the number of observations. Thua 
n = p + 3.0 = 0.0 + 3.0 = 3.0 X 1 = 3.0 
■= o + 2.5 = 1.0 + 2.5 = 8.5 X 4 = U.O 
5)17.0 
Mean n " 3.4 
By proceeding in this manner with each brighter star successively 
the scale values for all will be obtained. The following table shows all 
the work — 
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o- p+ 1,0= 0.0+ l.O" 1.0 
n-= p+3.0= 0.0+3.0=3.0X1" 8.0 
"0+1.5= 1.0+2.5=3,5X4'- 14.0 

fi )"T7T 

Mean n = 3.4 

l-n+1.5= 3.1+1.B= 1,9X 1= 4.9 
i«= 1,0+6.0= 7.0X1= 7.0 

e )ii-o 

Mean m= 0.0 



(•"m+S.5= 0.0+ 3.S™ »Ji 
*- i+0.0= 9.5+0.0= OJ 
fc= fc+«,8= 9.S+ 8.8= 1«3 
_f— i+4.0= 9.5+4.0= 13.5X 8= «7-0 
■■ l+iJi= 0.5+4.3= 13,8X3= «7.a 
4 )54.(1 
Mean )= 13.7 
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/- ff+ 2.0- lS.r+ 8.0" 1S.7X*= 68.8 
= i+6.0= »Jl+S.O= 14.SX 1=UJ 

- i+a.o- 9.a+5.o= 14.5X i - i4-g 

6)91.8 
Meui/= 1S3 

d- /+«J" 15.3+5.9- 21.«X7=- 1*8.* 

-* g+e.O=° 18.7+6.0- 19.7X1= 19-7 

8) 168-1 

Meu (J= 21.0 
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We are now prepared to assign numerical values to the brightness 
of the variable at the time of each observation. Here again we must 
take the mean of slightly different values, for instance for May 1 1 we 
have J 8 r, whence p = 19.0, also e 3/, whence p= 18.3; the must prob- 
able value will be the mean of the two, or e — 18.7. Proceeding in this 
way with the obsen'ation of each date we have — 
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These results can be represented to the eye on squared paper by 
laying oS the dates horizontally and the brightness vertically, and 
drawing a smooth curve passing as nearly as possible through the 
points thus located. This curve will show approximately the time of 
maximum or minimum, and the corresponding brightne 
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in tenns of the light curve. The time of maximum or minimum can be 
more accurately determined by bisecting the horizontal lines connect- 
ing corresponding points on the ascending and descending branches of 
the curve, drawing a line through the points thus located, and pro- 
longing it till it intersects the light curve. This point of intersectiiHi 
will be the maiimum or minimum as the case may be. 
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Afteb a long series of observations of a variable star Y 
been made, and the single liglit curves drawn from which the 
maxima and minima have been determined, the next step in 
order is to combine them all so as to form the mean tight curve. 
While there is no hard and fast rule according to which this is 
done, the genera! plan of procedure is the same, though each 
observer may introduce modifications depending upon the 
exigencies of his particular problem. The best way to make the 
matter clear is to give an extensive example. For this purpose 
a group of observations of B Cephei, made by Heis, have been 
selected from those edited and published by Hagen, and re- 
ferred to in Chapter IX, which are given below in Table I. In 
copying them some shght alterations in the arrangement have 
been made for the sake of convenience. The columns in order 
give the calendar date, the Greenwich Mean Time, the Julian 
Day, with the hour expressed as a fraction of a day, and the 
light step. 

The first step is to plot the observations and draw Uie single 
light curves. When this has been done, it will be seen that in 
some places the observations are too scattered to form a good 
curve, but from other sections where it is well defined, the shape 
can be perceived and made use of in the parts where observa- 
tions are lacking. We may avail ourselves of the fact that the 
light curve of B Cephei is very well known, but this knowledge 
cannot ordinarily be expected, and in the case of a new short 
period variable the drawing of the suigle b'ght curves may be 
attended with some difficulty, and several experimental curves 
may need to be drawn before a satisfactory one is obtained. , 
Where the observations are incomplete, a dotted line is usuaUyfll 
drawn. Since an illustration has already been t 
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method of drawing a light curve, it is unnecessary to make tie 
drawing for this star. However, the material for drawing the 
curve can be found in Table I, and the reader is advised to 
make it for himself and follow the problem with it before 
him. 

The next step is to determine the approximate elements, i.e., 
the epoch and period. The epoch can be selected by inspection, 
and is that maximum which has the most numerous and the 
best distributed observations. In order to find the period, 
select three or four of the best maxima, and by combining 
them in pairs obtain a fairly good approximate value. In the 
present caw, the first maximum has obsenations both pre- 
ceding and following; hence it may serve as the epoch. The 
saine is true also of the eighth and twenty-fourth maxima, 
but since the first is equally good, and is much better situated 
for the rest of the work, it will be chosen as the approximate 
epoch To- 

The approximate period may be found from the following 
combinations. The interval in time between the first and eighth 
maxima, 37.8 days, corresponds to seven periods, hence the 
value of one period will be 5.41 days. Combining the eighth 
and twenty-third maxima in the same manner, we find an 
interval of 7B.9 days, which gives for the period 5.33 days. 
From the first and twenty-second maxima we derive a period 
of 5.37 days. The mean of these three separate determina- 
tions is 6.37, which will be accepted as the approximate pe- 
riod, Pi>. 

The next step is to improve these approximate determina- 
tions by employing all the other maxima, and there are six 
more which are satisfactory enough to be of use. While it will 
be found that the elements are not materially altered, the proc- 
ess will be carried out in full, since in the case of other stars 
this preliminary calculation may not give a sufficiently accu- 
rate result. Before introducing the numerical values, the 
equation will be developed according to which the corrections 
to the approximate elements may be determined. 
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I Let To and Po be the approximate elements, 
T and P be the improved elemcDts, 
n stand for the number of a maximum in tlie entire 
series, counting from Tg, for which n = 1, 
dT and dP stand for the differences T - Ta and 
P — jPo. i-c-. the differences between the approxi- 
mate elements and the improved elements. 
Then the two equations may be formed 

(1) To + nPo = computed maximum, 

(2) {To + dT) + n(Po + dP) = observed maximum. 
Representing the observed and computed maxima by the 

symbols and C, and subtracting tlie first equation from the 
second, we have the resulting equation 

(3) dT-\-7jdP = 0~C. 

Each observed maximum will give an equation of this kind) 
and the solution of all of them will give the desired corrections 
to the elements. 

In the present case Table II shows the necessary data for 
forming the equations of type (3). The first column contains 
the number of the selected maximum, the second column the 
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observed time of maximum, taken from the obser\'atioiis in 
Table I, column 3, The third column contains the predicted 
maximum, computed from the elements, using equation {!), 

Computed Maximum = J.D. 439 6203.5 + n 5.37. 
The last column contains the value "0 — C," which is obtained 
by subtracting the numbers in the third column from the cor- 
responding ones in the second column. 

By substituting the numbers contained in the first and last 
columns of the above table in (3) the following equations a 
formed : — 

+ I(f7'+ ldP= 0.0 
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An inspection of the above equations shows that they cannot 
be solved by the ordinary algebraic processes, since there are 
more equations than there are unknown quantities. Since this 
is a condition which usually occurs in astronomical problems, 
it is desirable to pause at this point and consider it somewhat 
in detail. 

In any astronomical investigation the object is to make a 
series of observations from which certain desired quantities 
can be obtained. Since every observation involves some kind 
of error, it naturally follows tliat the greater the number of 
observations the more accurately the quantities sought can be 
determined. The errors of obser^'ation are of various sorts, 
and depend upon the subject under investigation. When their 
character is understood theoretically, their effects can be com- 
puted and applied to the observations, in which case we say 
that the ob.wrvations have been corrected for all known errors. 
After this has been done, there are sometimes indicated syate- 
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matic variations, the sources of which may or may not be dis- 
covered, but which can usually be eliminated by some method 
of comparison. Over and above the theoretical and the syste- 
matic errors, there remain the accidental errors, which no kind 
of foresight or study can avoid, and it b with the object of 
eliminating these that observations are multiplied, the idea 
being that in the long run, small errors will occur more fre- 
quently than large ones, and that positive and negative errors 
will occur with equal frequency, and hence neutralize one 
another. The actual number of observations necessary to 
make a good determination will depend upon the problem. 

Whenever there are more equations than unknown quanti- 
ties, the solution will be indefinite, that is, there will be as 
many solutions as there are possible combinations of equations 
covering the number of the unknowns. It therefore becomes 
necessary to devise some way of getting around the difficulty. 
The one adopted is called the Method of Least Squares. While 
the present book is not the proper place in which to explain it, 
a brief statement may be made which will give the ordinary 
reader some idea of the principle on which it is based. 

Suppose that a set of ten equations, each containing three 
unknown quantities, is given for solution, and suppose that a 
prehminary result has been obtained giving approximate values 
for the three unknowns. Suppose, further, tliat the values of 
the unknowns are substituted in the ten original equations. 
They will, in general, not be satisfied, that is to say, the second 
terms will not be zero, but a small remainder will result from 
each, which is called a residual. Another approximate solution 
will give another set of residuals, and a third one still another. 
The question then arises, whether there is any way of deciding 
which solution is tlie best. This may be answered by stating 
that the residuab themselves will furnish a test as to which 
solution is the best; for, in accordance with the Method of 
Least Squares, that solution is the most probable which makes 
the sum of the squares of the residuals a minimum, whence the 
name "Least Squares." There is a regular method of procedure 
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in Uie solution, which will not be described at this point, 
whose development can be found in special treatises, or in the 
text-books of Chauvenet, Doolittle, etc. It is interesting to 
not£ that in the case of direct observations of a single quantity, 
the value which ia ordinarily adopted, m., the arithmetical 
mean, is also the most probable value according to the Method 
of Least Squares. 

Returning now to the set of equations (4), and considering 
their solution, it ia doubtful whether it is worth while to cany 
out the Method of Least Squares rigorously, for two reasons: 
first, the number of equations is not large, and secondly, the 
numerical terms are already small. In such a case the simplest 
way would be to group the equations in two parts, four in one 
and five in the other. There is no rule according to which this 
should be done, but since the co-efficients of dP increase 
cessively, it might be better to combine the alternate c 
By so doing we obtain the two following equations : — 

SdT + 69dP= + 0.6, 

i dT + 5S dP = + 0.5. 
The solution of these gives 

dT - + 0.2454 days, 

dP 0.00909 days, 

and the corrected elements are then 

J.D. 239 6203.7454 -I- 5.86091 E. 
It is interesting to compare the period obtained in this simple 
manner from a few observations, with that given by Hartwig, 
which is 5.366386, being quite a close approximation. Except- 
ing for the purpose of comparison it would be unnecessary to 
carry the values of the two imknown quantities to so many 
decimal places, and for use in the further computation it will 
be suflScient to adopt the values 

Comp. Max. = J.D. 239 6203.745 + 5.361 E. 

The next step toward the finding of the mean light curve is 

to compute an ephemeris, or a series of maxima covering the 

entire period of observation. In doing this it is advisable to 

use the elements as given above, even though in the ephemeris 
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only one decimal place is retained^ The results obtained in this 
way are tabulated below in Table III. 
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The next step requires considerable care. Its purpose is to 
locate each individual observation in its light curve. A better 
understanding of this point may be obtained by examining the 
light curves which have been depicted in Chapter IX. A single 
light curve may be said to extend from one maximum to the 
next one or from one minimum to the next one. A point on the 
curve can be located in time by giving the interval from some 
selected point to the time of observation. This interval of time 
is called the phase.' For example. a.s3ume that in the present 
problem we shall count the phase from the computed maximum. 
The first maximum occurs on J.D. 6203.7, the first observation 
after tJiis is on J.D. 6205.6, therefore its phase is the difference 
in time between the two times of observations, or + 1.9 daya. 
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Tbe observatioD preceding the same maximum is on J.I] 
6203.5, hence its phase, is -0.2 days. It will be seen, then, that 
we must first find to which particular maximum an obser\-a- 
tion belongs. In order to decide this, we must choose arbitrary 
limits on either side of the maximum which will include an 
entire curve. In the case of o Cephei, the period is approxi- 
mately 5.4 days, and the rise to maximum is more rapid than 
the descent to the minimum, therefore we shall choose the 
limits from two days before tbe maximum to three and four- 
tenths days afterward, or from — *.0 to +3.4 days. Keeping 
this in mind, and referring to the predicted maxima in Table 
III, it is possible to find the phase for each observation. The 
results thus obtained are arranged in Table IV, the first column 
of which gives the number of the maximum in the series, the 
second the J.D. of the obser\'ation, the third the phase, and the 
fourth the light step. It will be noticed that the first two obser- 
vations occur more than two days before 7"], hence the maxi- 
mum immediately preceding was computed from the elements 
and called Tg, having J.D. 6198.4, but this must not be con- 
fused with the approximate epKxJi which was also called To. 

The next step is to rearrange the observations according to 
the order of the phase, selecting them for this purpose from the 
different light curves, wherever they happen to occur. They 
are contained thus in Table V, together with their accompany- 
ing light steps. The phases should begin with the one farthest 
preceding the maximum, or —2,0, but with this star it happens 
that there is no observation corresponding to this time, the 
earliest phase being —1.9. After they are all arranged in this 
final order, the next step is to divide them into groups for the 
purpose of takmg the averages for the final mean light curve. 
At this point the observer must depend solely upon his judg- 
ment, and perhaps will have to experiment several times before 
obtaining a satisfactory result. The points obtained from the 
grouping must be close enough together to show the form of 
the curve, and yet not too close. Where the curve is known 
to change its curvature rapidly, the points should be closer 
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Tabub IV 
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the process is very simple, and the curve is drawn as smoothly 
as possible. After this has been done, the co-ordinates of the 
mean light curve may be obtained by reading from the one 
just drawn, the light step corresponding to certain regular in- 
tervals, e.g., in the case of 5 Cephei, every .3 or .5 of a day. 
These co-ordinates are contained in the second part of Table 
VI, and comprise what is technically known as the mean light 
curve of S Cephei. That is to say, when the mean light curve of 
a star is spoken of, we may refer to the co-ordinates of the 
curve, or to the curve itself. It is frequently not convenient to 
pubhsh the curve, but if the co-ordinates are given they may 
at any time be represented to the eye by a drawing. 

Returning to the second method of drawing the curve from 
the means in the first part of Table VI, we introduce weights 
which are equal to the number of observations in each group, 
and attach to each point plotted the number representing its 
veight. The points are then connected by straight lines, and 
each section is divided into two segments, which are inversely 
proportional to the weights of the points. For example, if the 
first point is the mean of four observations and the second the 
mean of five, then the line is divided by a point which is four 
ninths of the way from the second to the first, so that the two 
segments are in the ratio of 5:4, the larger segment being 
nearer the smaller weight. The points thus located are then 
connected by a smooth curve, which is the mean light curve of 
the star. In the present case the number of obser\'ations in each 
group is so small that it is hardly worth while to use weights, 
and, in fact, so far as the author is aware, they are generally 
dispensed with in treating of discussions based upon visual 
observations by the Argelander method, just as the strict 
Method of Least Squares is not generally introduced, because 
the observations are not esact enough to make it worth while 
to be so rigorous. 

The present example may be criticized, and rightly so, be- 
cause light steps are iLsed throughout instead of magnitudes, 
and iu any real investigation the magnitudes should be intra- 
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duced at a much earlier stage of the work, before the single 
curves are plotted. However, the method of procedure is 
exactly the same, and since the light step is the value which 
was published, it was made use of in the example. Table 
and the light curve follow. 
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In recapitulation the method described at such length may 
be summarized as follows, with the understanding that it may 
be modified at any point by the observer. 

(1) Taljulate the observations in chronological order, giving 
the time in Julian Days. 

(2) Plot the observations and draw the single light curves, 

(3) Determine the times of the observed maxima so far as 
possible, and compute a set of approximate elements. 

(4) Correct the approximate elements by using as many 
maxima as possible, deriving the adopted elemeots, 

(5) Compute an ephemeris of maxima. 

(6) Determine and tabulate the phase of each obser\'atii 

(7) Rearrange the observations in order of phase. 
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Figure 27 

MEAN LIGHT CURVE OF t CEPHKI 

(8) Divide the observations into groups and take the meana 

(9) Plot the means and draw the mean light cm^^. 

(10) From the curve read off the co-ordinates of the mean IJgh 
urve for regular intervals of time. 

When once the mean light curve of a variable star has 
»een determined it can be used for a number of differen 
urposes. In fact, it is quite necessary when determining th 
oiniina of certain variables of the Algol type, as the follow 
ng will show. 

It will be remembered that this type is characterized by a 
apid descent to minimum, followed by an equally rapid rise 
o maximum, while the duration of the minimum may be quit* 
lort, or it may last for an hour or more. Sometimes the twc 
ranches of the curve are not symmetrical, in which case it is 
ot possible to use the ordinary method of bisecting the chon 
lod prolonging the line passed through the points of bisection 
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UDtil it cuts the curve. We may then make use of the c 
li^t curve to correct for the a^mmetr}' of its two bisDcl 
TJ Cephei affords the best example of this method. The d 
for iUustretJon are laken from an article published bf Yg 
in Popular Astronomy, 14, 600 ei aeq. 
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Tlie tabulated values give the magnitudes of the mean H^it 
curve for every twenty minutes before and after minimum, 
TTie lack of sjTnmetry can readily be seen by inspecting the 
numbers in the table, or by examining the cur^'e in Chapter L 
Yendeil gives four observations made on September 11, 1902, 
two as the star was diminishing in brightness, and two as it was 
increasing. The times of observation and the magnitudes aid 
given below. S 

8'' 35" 7.92 mg. 12^ 8" 8.«3 mg. \ 

9 8.34 12 51 7.68 

By making use of the above table we can find the time <rf 
minimum by a simple proportion. At the first obser^■atio^ the 
star had a magnitude of 7.92, and was growing fainter. Look- 
ing at the tabulated values, we see that this must have occurred 
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between 2h 40nj and 8h 20m before the minimum, as the 
magnitudes for these two times are 7.77 and 7.95. In order to 
find the phase corresponding to 7.92, we must proportion be- 
tween the two values as follows: the difference in magnitude 
between 7.77 and 7.95 is .18, and the difference in phase is 
80m, the difference in magnitude between 7,77 and 7.92 is ,15, 
while the interval in time, x, is to be determined. Hence we 
have 

.18 :.I5 ::20 :z 

X = 16. 7m, and this value must be subtracted from the phase 
of 7.77, which \» — 2h 40m, giving for the phase of 7.92 mg. 
— 2h 23.3m. That is to say, the observation made at 8h 35ra 
occurred 8h 23.3m before the minimum, hence the resulting 
time of minimum will be lOh 58.3ai. 

In the same manner we find the proportions for the other 
I tluee observations to be 

|.30mg. :.18mg. ::20m : 
.26 : .00 :: 80 

.08 : .07 :: 20 

which give for the values of x respectively 10.7m, 4,6m, and 
17.5m, The resulting times of minimum will be lOh 49.3m, 
lOh 23.4m, and 9h 53.5m. The mean of all four will be lOh 
31.1m. 

Chandler, in an article on this star in Astronomical Journal, 
g, 53, expresses the same fact in a different way. giving a correc- 
tion which is to be applied to the point of bisection of a chord 
made in the usual manner. For example, he finds that the star 
has a magnitude of 8.3, diminishing, at phase — ih 50m, and 
increasing, at phase +2h 05m, the mean of which is +7.5m. 
This would be applied as a correction as follows. If the times 
when U Cephei had the magnitude 8.3, both diminishing and 
increasing, were observed, and the mean were taken, then tbia 
mean would differ from the true time of minimum by +7.5m, 
and hence a correction of —7.5m would have to be applied to 
the mean in order to get the correct time. For other magnitudes 
he finds the following table of corrections. 
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A very mteresting modification of the method of this Hw|Mfr 
is used at Harvard IQ determining the mean light coma of a 
series of long [>eriod variables as published in Aniuds. H-C.O., 
37. Tlie olmervations which appear in these volumes were 
made by tUffcrent observers at different places, hence the 
aggregate number is very large, and they are scattered quite 
thickly along most parts of the curve. Since it was difficult to 
handle so many observations, the proceeiling was as follows. 
The obr»ervations were all plotted as in the case of B Cephei, 
and a smooth curve was drawn through them, making the suo- 
cesnive branches as much alike as possible. This is not so simple 
as with Hh<irt period variables, since the long period variables 
do not always reach the same magnitude at maximum or mini- 
mimi, and the periods are not of uniform length. After the 
curveit had been drawn satisfactorily, the magnitudes were 
rwwl fnim them for every twenty days, counting the midtiples 
of twenty, e.g., J.D. 1600, 1620, 1640, etc., and tabulated. 
These magnitudes were used afterward in place of the original 
olwcrvutions. The process of finding the time of maximum and 
minimum was also different, use being made of tabulated values 
instead of bisecting the chords, as is the usual custom. A second 
table was formed, containing the dates for every half magni- 
tude on the ascending and descending branches of the cun'es, 
and the mi<icllc points taken. These dates were then plotted 
with tlie corresponding magnitudes as ordinates, and lines 
drawn through tlic [lointa and extended until the maximum 
magnitude was obtained. As will be seen, this is practically the 
■anie nicthiid as bisecting the chords. 

Otlier differences in method entered when the phase of an 
olMcrvation was foimd, the cliief one being due to the fact that 
with Uiese variables, the periods are not of uniform length, nor 
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is the time from tpti t ' ti n'Tn to minimum the same, so that tlie 
observations cannot be arranged in regular order, from the 
maximum throughout an entire period. Hence they were 
counted both ways from the maximum and both ways from the 
minimum, care being taken that the entire curve was covered. 
The two sections were then put together according to the mean 
value of Jf — m. As an illustration of this point the values for 
T Cassiopeiae may be cited. The mean period of this star is 
445 days, and the interval M — mis 261 days, leaving 184 days 
for the other part of the period. The maximum part of the 
curve may be considered to extend from —130 days to +82 
days, and the minimum from —9* days to +130 days. In 
order that the two branches shall overlap somewhat, and since 
the observations to be used are tabulated for every 20 days, 
the phases should extend from 140 to 100 days on either side 
of the initial point. 

While it would be very interesting to carry through com- 
pletely the investigation of one of these long period variables, 
space does not permit it; furthermore the problem is worked 
out in detail in the volume of the AnnaU just quoted, and any 
investigator who is engaged in such work can easily procure 
the volume and follow it for himself. 

Many other modifications of the process are doubtless in use 
by different observers, which jnay be found and studied in 
varioua publications, but the steps to be followed are in general 
e indicated in this chapter. 
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CHAPTER XI ^M 

ISZDICnON OP UAXIMA AND MINIMA FROM TBE ^M 
ELEMENTS ^| 

Is ooteputiDg the maximum or minimum of a variable star 
Itcan Hi elements the observer has two objects in view; the first 
il to ooiripare the observed with the computed dates, in order 
to oonflrm the accuracy of the elements, and the second is to 
isedict the dates in order to prepare lists for observation, such 
M btve bbeady been referred to in describing the ephemerides 
pablwhed yearly by Hartwig, Predictions are also published 
nonthlf in the Popular Astronomy and in other places, but the 
TCgnlur observer should be able to make these computations for 
hfansdf ; hence examples of the different methods will be given. 
However, before taking up a discussion of the different formu- 
las employed to express the variation erf a star, it is desirable 
to consider at some length the subject of Julian Day, already 
mentioned more than once, and to give rules for its uae. 

We are accustomed to associate the term Julian Calendar 
with tile reform introduced by Julius Ciesar, according to idiich 
the year U made to conwtt of 365.%S days, and in the coune 
of four years the fractional part amomits to one whole day. 
Hence one day is added to every fourth year, malHng it the 
leap year. Unfortmiately for our convenience, the numbn- just 
given U not exact, for the tropical year contains 365.2492 days. 
Consequently if a day is added every four years, in the course 
of time the error will reach several days, and the return of the 
seasonal festivals, which have been considered very important 
dates, will come out of time. The divergence from the truth 
can readily be perraved by a Biiiq>le calculation. 

A quadrenuium is the name given to a period of four 
years consisting of three common years and one leap year. 
or 1461 days. Four years of the correct length will consist of 
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4 X 365.2422 days, or U60.9688 days, which differs from 1461 
by .0312. Hence adding & day every four years makes the 
quadremiium too long by this amount, or each year is -0078 
day too great. To find out bow soon this will amount to an 
extra day, divide 1 by .0078 and the result is 128, therefore the 
128tb year, instead of being a leap year, should be a common 
year, and so on. This, however, would be a rather inconvenient 
and irregular way of making the correction, and a simpler one 
has been adopted. The extra time amounts to .0312 day every 
four years, or to 3.12 days in 400 years, hence if three leap 
years are omitted every 400 years, the agreement will be very 
nearly exact. When the calendar was reformed, mider Pope 
Gregory, in the sixteenth century, it was decided that this 
could be accomplished by calling the centuries leap years only 
when they were divisible by 400 and not otherwise. Therefore 
1700, 1800, and 1900 were not leap years, but 2000 will be one. 
The agreement is not even thus perfect, for .12 day will have 
been added every 400 years, which will amount to a day in 
S33S years, but this is such a negligible quantity that for pres- 
ent purposes the Gregorian Calendar may be considered exact. 
It was introduced into the Catholic countries in 1582, at which 
time the difference amounted to ten days, and October 4 was 
followed by October 15. It was not adopted in England and 
her colonies until the eighteenth century, and September 2, 
1752, was foOowed by September 14, as the difference had 
increased by one day more. Hence in reality George Washing- 
ton was bom on February 11, 1732. The Julian Calendar is 
still in use in Russia, and letters are frequently headed with 
both dates, as "January 15/28, 1914." Often a date given 
according to the Julian Calendar is designated as O.S., or Old 
Style. 

The Julian Period b a certain length of time arbitrarily 
adopted to cover the duration of historical records, and counted 
according to the Juhan system. It includes a cycle of 7980 
Juhan years, and began on the noon of January 1, B.C. 4713. 
This number is based upon three subordinate cycles, which are 
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the Solar Cycle, the Lunar Cycle, and the Cycle of Indictioni. 
The first one consisted of twenty-eight Julian years, the second 
of nineteen, and the third of fifteen, and the entire cycle, which 
must include all three, will be the least common multiple of 
them, which is 7980. The year B.C. 4713 was selected aa the 
origin of the period, since it is the year which was number one 
in each of the subordinate cycles. Starting from this date the 
days which have elapsed can be computed simply and regu- 
larly according to the Juhan Calendar. Tables have been con- 
structed for converting a calendar date into Julian Days and 
vice versa. The extreme convenience of thb way of reckoning 
can readily be understood when we attempt to combine observ- 
ations of variable stars made over a long inter\'al of time, 
where the awkwardness of using calendar dates becomes quite 
obvious. It was first introduced into ^-ariable star work by 
Pickering' in 1890. Nearly all series of observations are pub- 
lished with the calendar date and the Julian Day. which is 
designated by the familiar abbreviation of "J.D." The three 
subordinate cycles are still used in determining the dates of 
festivals, such as Easter, and the ATnerican Ephemeria gives 
for every year its cyclical numbers, e.g., 1916, Lunar Cycle or 
Golden Number, 17; Solar Cycle, 21; Roman Indiction, 14; 
Julian Period, 6629. Table I at the end of this volume fumbhea 
the material for converting a calendar date into Julian Daj-s, 
the use of which is explained in the introduction to the tables. 
We shall now proceed to give illustrations of computing the 
maximum or minimum of a variable star from its elements, 
taking the data from Hartwig's Ephemeriden. On looking over 
the column in Table I, which gives the elements, it will be 
noted that in general only two terms are given, the epoch, from 
which the number of periods is counted, and the length of the 
period given in days. For example, in the volume for 1914, 
from which all of the examples will be taken. No. 1, SS Cass., 
has for its elements 

8417504 - 139.8 E, 
' AnnaiB, H.C.O.. i8, 304. 
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whiclt means that J.D. 2417504 is the Julian Day of some well- 
observed majdmiun, 139.6 days is the length of the period, 
and E is the number of periods which has elapsed since the 
epoch. Star 13, T Cass., has, in addition to the ordinary ele- 
ments, ft sine term which indicates a periodic variation in the 
period itself. The same sort of additional term appears in 
several places. R Virginis, No. 418, has two sine terms. Some 
stars like No. 151, S Tauri, have a term in E ', which signifies 
that the variation in the length of the period is secular and not 
periodic, that is, it goes on in the same direction without 
change. One star, R Hydrae, No. 437, has both periodic and 
secular tenns, as does also S Serpentis, No. 484. Such a com- 
bination is by no means simple to work out, but the method 
should be understood. 

Suppose it is desired to compute the maximum of a variable 
star for 1914, the first step will be to find the value of E. If the 
observer has made a similar prediction for preceding years, it 
will only be necessary to add i to the number used for 1913, 
but if the work is to be done de tiovo the value for E must be 
detennined by a method which is more or less approximate, 
because of the presence of the additional terms and their 
numerical values. That is to say, a preliminary value of E 
must be found, substituted in the formula, and the Julian Day 
for the result determined from the table; if the date thus found 
does not fall in the year 1914 the value for E must be changed 
and the computation repeated. As a rule not more than one 
such additional computation is required, especially when the 
elements consist of but one term. Several examples will now 
be given to illustrate the different cases. 
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I E will always be a whole number, since it represents the 
■ recurrence of successive maxima, each of which is an integral 
number of periods from the epoch. The maximum which 
occurs during 1914 will be the last one preceding the begin- 
ning of 1915. Therefore if we find the interval of time between 
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the epoch and January 0, 1915. and di^Hde by the length o 
period, we shall find the number of maxuna which have 
occurred during that time. If the period b much less than a 
year, and two maxima take place during 1914, the one thus 
found will be the last one for the year, but the preceding one 
may be found by subtracting 1 from E. For convenience in 
cartying out these computations, the two Juhan Days most 
necessary, those for January 0, 1914, and January 0, 1915, will 
be given here. They are respectively, 24iWH3S = To. and 
2420498. (H) stands for the predicted value taken frocS;, 
Hartwig'a Ephemeridm for 1914. 
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Since the period is short, two other maxima wiQ also c 
during the year, one at 139.6 days earlier than October 30, or 
163 from the beginning of the year, i.e., June 1?, and another 
one 139.6 days still earlier, i.e., January 23. 



Maximum of No. 2, TT Cass. 2418588 + 398 E. 
Jan. 0. ISIS 248O40S Epoch 2418588 
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(8) Maximum of No. 976» SS Pegasi. 2418865 + 412 £. 

Since tbe period is greater than 3d5 days it may happen that 
no maximum occurs during the year 1014. If this is true» the 
formula will give as a result a number less than the J.D. for 
January 0, 1014. 
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1288 
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The next maximum will occur 412 days later, which will not 
be until 1015. 



(4) Maximum of No. 17» R Androm. 2402506 + 410.64 

+ 80 sin (12 E + 168). 

To obtain the preliminaiy value for E we can use only the 

first term (1) for the period. If the addition of the second 

term (2) throws the maximum into the adjacent year, the 
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(5) Maximum of No. 151, S Tauri. «40ftt55 + S80.0 E 


- 0.15 £ 


:». 




/»n.O. 


IPtS iilMOe Epodl 


M00W9 


Epoch 


ivmaa (1) 


f 1I»7(I0 


Dill. 


800*3)380.0 (a) 


. - 405.9 


£ 


M 


« 10809.4 




r. 


M101S9 


P 


sao.o 




E 


Bi 




(I) 


I9T0O 




£■ 


-.15 




m ^ 


40S.M 




The result indicates that the value of £ is too small, since it 


places the maximum before January 0, 1914. 


Accordingly the 


computation must be repeated, using E — 53. 
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(6) Maximum of No. 418, R Tirginis. 2881034.8 + 145.47 £ 
+ 20 sin (1^8 E + 216^ + 4.8 sin (5^625 E + 843*). 
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(7) Maximmn of No. 487, R Hydrae. 2411981 + 425.15 E 
- 0.86 E« + 15 sin (7^.5 E - 202^. 
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The preceding examples include nearly all the varieties of 
method required for computing the maximum of a long period 
variable. In order to obtain the time of minimum which is 
predicted for many of the stars in Hartwig's Epkemeriden it is 
necessary to know the interval of time between the minimum 
and the following maximum, or 3f — m. This is not given by 
Hartwig, but may be found in Chandler's catalogues for some 
of the stars. It is also found in Annah, H.C.O., vol. 55, not as 
a part of the catalogue, but in Table VII, together with other 
material. The predicted time of minimum can be found from 
the time of maximum by subtracting the inter\'al M — m from 
it and finding the J.D. of the result. It will be noted that this 
value is lacking for a great many long period variables, and the 
necessity of supplying this lack points to a very useful kind cl 
observation for those who can work with a telescope large 
enough to show stars of the thirteenth magnitude, and can 
follow these variables through their minima. 

The process of finding the maximum or minimum of a short 
period variable is similar to that in use for the long period 
variables. To illustrate this a minimum of Algol will be com- 
puted. The elements which are found in Hartwig are taken 
from Chandler's catalogue, and are given in two forms; the 
first gives the calendar date for the initial epoch and expresses 
the period in hours, minutes, and seconds, while in the second 
these quantities are given in fractions of a day. The a 
form is the one most convenient to use in predicting: — 



-J.D. 2410640.S4U1 + a* .8673102 B 



; sectm^^ 



+ 0^1021 sin (0MW4 E + SaC") + 0^.0153 sin (— + 216"^. 



13 



In finding the \'alue for E the last two decimal places in the 
period may be omitted, but after that the complete number 
must be used, and the multiplication done in full, and not 
by logarithms, to avoid the possible inaccuracy in the last 
figures. 
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Id changing the fraction of a day to hours, minutes, and sec- 
onds, use is made of Table II. 

It will be noticed that the predicted times are called "Helio- 
centric minima for Greenwich Mean Time." The observed 
times, however, are geocentric, and must be corrected for the 
difference between the two before being compared with the 
computet! times. Hartwig, in the eicplanation of his tables, 
page ^93, supplies a formula for this purpose the derivation 
of which will be given here. 

In the accompanying figure, on page Hi, let XEY be the 
plane of the ecliptic, the axis of X pointing to the vernal 
equinox. S, is the position of the sun in this plane, E<t the 
line of sight to the star, and So-, which is parallel to E<r, the 
hne from the sun to the star. Project ES on Eir, forming EH. 
Then the instant of time when the light from the star reaches 
B will be the same as when it reaches S and will be earlier 
than the instant it reaches E, by the length of time required 
to pass over the distance EB, The problem then is to find 
the time required by light to pass from H to E. 



k 




Figure 28 

DUOKAH rOK OBTAIHIltO TBI BBDDCnOV TO THE SUV 

Pass a plane through £0- perpendicular to the plane of the 
ediptic, cutting it in the Use ED. Let E be the cmter of a 
sphere passing through S. Then in the figure we have the 
following relati(Hi8: — 

JES - O - the longitude <tf the sun, 
XED - X - the bngitude ot the star. 
SED-X-O, 
SEE ~a-MS, 

£5 - R, the radius vector of the earth, 
EH8 - 90", 

MED - /3 - the latitude of the star, 
MDS - 90°. 
b the plane triangle EB8 

EB-Rcoaa. 
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In the spherical triangle MDS 

cos 1 = cos (9 cos(X— O ). 
Hence EH ~R cos ^ cos(\- O )■ 

In this equation EH is e3q)ressed in the same unit as fl. If we 
wish to find the time required by light to travel over this dis- 
tance, we must divide both members of the equation by the 
velocity of hght, or 186,300 miles per second. The same result 
will be accomplished if in the second member R is expressed 
in units of the earth's mean distance from the sim, and we 
introduce the time required by light to cross it. This is called 
the equation of light, and has for its value 498.5 sec. or 8.308 
min. The second value is the one used in this particular case, 
since the predictions are not carried beyond the fraction of an 
hour, 

In the figure, the heliocentric minimum occurs before the 
geocentric, hence the correction must be subtracted from the 
latter in order to obtain the former, which is the one sought. 
The formula thus becomes that given by Hartwig, — 
the Heliocentric time = the Geocentric time 

I -S^.SOS iIcos^co8{X-0). 

' . The quantities which are constant for each star are fi and X, 
while R and O , the co-ordinates of the sun, vary with the time 
of year. Since the correction is only necessary for stars which 
change very rapidly, and the maxima or minima of which can 
be determined with great accuracy, it applies chiefly to vari- 
ables of the Algol type, to those of the S Cephei type, which 
have very short periods, and to the ^ Lyrae type. For the 
convenience of the observer, Hartwig has included in the 
Epkemeriden for 1914 for these stars, the value of X for liKM), 
and also log S^.SOS cos (3, so that the necessary correction can 
be computed with readiness. 




CHAPTER Xn 

ECLIPSING BINARIES 

Since several types of variable stars are spectroscopic hxA 
ries, it seems desirable to the writer to discuss at considerable 
length the principles underlying the determination of motion 
in the line of sight, for it is this motion which demoostiAtes 
the binaiy character of the stars and furnishes Important 
material regarding their orbits. 

Wave-length and vibration frequency have been defined in 
the first chapter, but in order to bring them again to mind the 
definitions will be repeated here. 

The wave-length b the distance the disturbance in the ether 
has traveled while the original particle is executing one vibra- 
tion, = X, 

The vibration frequency is the number of vibrations pCT- 
formed by a particle in one second, = n. 

The velocity of light is the distance traveled by light during 
one second, = V; 

Hence the following relation exists between n, V, and X, 
V 

n is thus the number of vibrations which fall upon the eye 
during one second. The numerical value of n depends upon 
the wave-length of the vibration emitted by the source of light. 
If anything were to happen to change the number of vibrations 
falling upon the eye during a second, the result would be to 
change the effective wave-length without in reality altering it 
at the source. Such a result could easily be produced if the 
source of light were to move toward or away from the observer 
at an eirtremely rapid rate, say several kilometers per second, 
and similarly if the observer were to move rapidly to and fro. 
What actually happens is that more or fewer vibrations fall 
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upon the eye per second, and consequently the apparent wave- 
length of the Hght emitted is changed. 

This phenomenon may be further described as follows: The 
line connecting the observer with the source of light is called 
the hne of sight. If the source is moving rapidly toward the 
observer, many more vibrations than usual will fall upon the 
eye per second and the effect will be to shorten all of the wave- 
lengths. If the spectrum is continuous, no change in it will be 
perceived, because if a wave-lraigth in the red is shortened and 
its position shifted, the one adjacent to it is also shortened and 
moves up, as it were, to take the vacant place. On the other 
band, if there is an absorption s[>ectrum which consists of the 
continuous background crossed by dark lines, then a change is 
perceptible, for while the continuous spectrum remains un- 
changed, the dark lines are all shifted toward the violet and as 
they are isolated from one another, there is no adjacent line 
moving up to take the vacant place. Vice versa, if the source of 
light is moving rapidly away from the observer, the lines will 
all be shifted toward the red end of the si>ectrum. Motion 
toward the observer is usually called approach, and motion 
away recession, and the rate at which the body is moving is 
called its radial velocity, or velocity in the hne of sight. The 
statement is also often made in this form: approach shortens 
the wave-lengths and causes the lines to shift toward the violet 
end of the spectrum, while recession increases the wave-lengtha 
and shifts the lines toward the red end of the spectrum. 

The first knowledge of these very interesting and important 
facts resulted from the investigations of two physicists, Doppler 
and Fizeau. The former, in 1842, announced that rapid ap- 
proach or recession would cause a change in the wave-length, 
but he thought erroneou.sly that the color of the star would be 
changed, ignoring the fact just mentioned that all tie wave- 
lengths were shifted at the same time, and hence there would 
be no change in the color. Fizeau, in 1848, was the Brst to 
announce the facta correctly, viz., that the background of the 
continuous spectrum remains unchanged, while the dark lines 
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shift iMck umI forth q>oD it. HeoutbxdtheBetkidcf ■ 

aring tbe moboo of a heaTenly bodf in the Eae at aght If 

meuu of the tli^>lacmient c£ the tines in its q 

m Rich a ray as to be of practical use 

Rsnlta were oot even pnbliifaed imtil I87D. Hie p 

now- known as the Dofifder-naeaa priocqile. 

In order to discover whether the fines in tlw ^l*^^^ ™ w^ of a 
star are displaced, it b iiimiiaij to oon^Mie than with Ewi 
ooming from a source of h^A that b statiooair with lefe i enBe 
to the ofasM^'cr. Such a soorce can be foand in some te r r tttrii l 
substance, which ia called a ootoparaoo y e clnm when it is 
used for this purpose, or b aoaietiiiMs knows as a oonnaJ ^leo 
bum. The hLstoty of the applicatiofi of sp e ctr o w wpie mcasaie- 
ments to celestial bodies b full of interest. The first Mfaono au r 
■ctnaOy to attempt it was Sir WUliam Huggins, m 1889 and 
186S. ^nce the name of thb brilHant and on^nal invcsti^dar 
b linked with bo many of the diKDrenes in astranotnical ape^ 
troscopy it will be of interest to the reader to hear his own ac> 
ooant oS the beginning of hb work in thb bcanch of a 

In IS58, ha^'ing equipped an observatory with \&y c 
i^^iantus, including an eight-inch lef lactor by Alran Clark, of 
Cambridg'^mrt, Massachusetts, he paused to consider what 
problems he should plan to investigate. Many years later he 
recalled hb ideab at that time in the following words:' 

I aooa became a little disatia6«d with the routine chancts td 
ordinaiy astronomica] work, and in a vague wmy sou^t aboat in B^ 
mind for the possibility of research upon the heai-ens in a ne« diK» 
tion or by new methods. It wss just st this time . . - that the news 
reached me of Kirchoff's great discovery of the true nature aad the 
chemical constitution of the sun from His iotefpietation of the nana- 
bofer lines. . . . Hne at last presented itself the very ords' of wotk 
for which in an indefinite way I was loc^dng — namdy, to extend hit 
Dovd methods of research upon the sun to the other hmveul.v bodies. 
A feding as of inspiration seized me. I fdt as if I had it now in m,v 
power to lift s veil which bad never before been lifted; as if a key had 
beoi put into my hands which would unlock a dotH" which had been 
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regarded as forever closed to man — the veil and door behind which 
lay the unknown mystery of the true nature of the heavenly bodies. 

His initial enthusiasm never deserted him. He was always 
entering ujmn new experiments in connection with stellar spec- 
troscopy, and his name, like that of Herschel, is connected with 
many an original method of attack. 

Astronomers in other countries were also fascinated by the 
new methods, and almost simultaneously investigations were 
carried on by Vogel in Germany, Rutherford in New York, and 
Secchi in Rome. However, it is not possible to give the histori- 
cal details in the development of the method of determining 
the radial velocity of a star. Many mechanical obstacles had 
to be surmounted and the observations were of extreme diffi- 
culty and fatiguing to the eye. It was not until the perfection 
of the photographic dry plate that it was possible to obtain the 
sort of results which now afford such unlimited opportunity for 
investigation. It is true that with a large telescope like that of 
the Lick Observatory acctu-ate measurements of the displace- 
ments of stellar lines could be made, but for the ordinary 
observer, such an instrument was out of the question. Hence 
when Vogel and Scheiner showed that with the aid of the photo- 
graphic plate, the displacement of lines in a star of the second 
or third magnitude could be determined with a twelve-inch 
telescope with as much accuracy as that of a first -magnitude 
star with the thirty-six-inch telescope, a great field of research 
was opened to the worker with an average instrument. 

In order to understand more fully the method of measuring 
radial velocity at the present time, a detailed description of the 
Bruce spectrograph' of the Yerkes Observatory will be given. 
It may be stated in passing that an instrument for making 
visual observations of the spectrum of a star is generally called 
a spectroscope, while one which photographs it exclusively ia 
called a spectrograph. The photograph of the spectrum is 
known as a spectrogram. 

TO views of the Bruce spectrograph wUl be presented, one 
> £. B. Frost, Av. J.. I5> 1. 
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in which it is attached to the telescope, and the other showing 
the interior construction, the outer covering having b«B 
removed. At the ocular end of the great telescope is a laige 

n ring which is racked in or out according to the kind of xp- 
paratus that is attached to the instrument. When the ordinar; 
micrometer is in use, it is run in dose to the end of the lube, 
but when the spectrograph is wanted, it is run out and to it is 
attached directly tie ring which is the foundation of tlie mount- 
ing of the spectrograph. This latter is completely covered with 
a large aluminium case which serves as a protection against 
variation in temperature. Its walls are double and the inter- 
vening air space is filled with felt. Inside of it is a coil of wire 
which becomes heated when a current of electricity is passed 
through it, thus raising the temperature of the spectrograph. 
A thermometer is inserted so that its bulb is within the inner 
case, and any change in temperature indicated can be corrected 
by turning on the electric current, the purpose being to keep 
the temperature as constant as possible, in order to avoid errors 
which might arise from unequal expansion of the different parts 
of the instrument, causing a displacement of the prisms. 

From the large ring are seen projecting three tubes, of which 
the shortest one is ceitrally placed in the ring, and hence in the 
optical axis of the great telescope. It carries the slit, and is the 
outer part of the collimating telescope of the spectrograph. To 
the right of it is a tube of the shape called "gooseneck," which 
b part of the special apparatus for guiding the instrument. This 
guiding must be done with great accuracy because the slit of 
the collimator b extremely narrow, and the staj image formed 
at the focus of the objective very small, hence there will be con- 
siderable difficulty in keeping the image on the slit. The ordi- 
nary clockwork is not sufficient for this purpose, and some 
method must be devised by which the image on the slit can be 
seen and watched by the observer. The jaws of the slit are of 
speculum metal which is susceptible of a very high polish, and 
they are inclined at a very slight angle, so that the extra light 
from the star image which does not enter the slit is reflected 
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back onto a pair of diagonal prisms in the gooseneck; from 
here by other reflections they are passed down through a small 
telescope enclosed in the jacket of the spectrograph, and are 
viewed by the observer through the eyepiece which projects 
from its lower end. He is able by electric motors to control the 
motion of the clock, and thus keep the image on the slit. The 
reader will understand that this work may become very ardu- 
ous when a faint star or a nebula is under observation and a 
long exposure of seven or ten hours must be made. It would 
appear from the photograph that the gooseneck obstructs the 
path of the ray of light, but there is an aperture through which 
a free passage is allowed. 

The tube to the left holds the apparatus for providing the 
comparison spectrum, which is arranged so that four different 
substances can be utilized. Metallic electrodes are employed 
and the spark discharge is passed between them. At the Yerkes 
Observatory iron and titanium are chiefly used, and helium in 
a vacuum tube can take the place of one of the pairs of elec- 
trodes. When the comparison spectrum is being formed, a 
iaphragm covers the central portion of the slit where the star 
image falls. 

The plate shows also a small tube projecting centrally from 
the main tube of the telescope. This contains a correcting lens 
which is situated about twenty-one inches inside of the tube. 
Such a lens is always necessary when a telescope which is 
intended for visual work is iised for photographic purposes. Its 
object is to correct for the chromatic aberration of the objec- 
tive, in the following manner. The objective cannot bring all 
of the different wave-lengths to a focus at the same distance 
behind it. When it is to be used for visual work it is ground to a 
curvature which will bring together the wave-lengths to which 
the eye is most sensitive, which are in the orange, yellow, and 
green. The focal point for the blue and violet rays is some 
distance inside this point. But these rays are the very ones that 
are most active photographically, hence they must in some 
way be brought to a focus together. A lens which is used exclu- 
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rive); for pbotography is groand for it in the first place, hoi t 
visual lens may be changed into a photi^7%phic one by the ad- 
dition of a small correcting lena placed «itlun the focal pofot. 
which can be niade so as to comet for any desitcd vaw-Iength. 
(See Fig. 41.) 

The second plate shows the essential parts of the spectitv 
graph itself, and it is to be noted that, with a few differences 
they are the sante as those mentioned in describing the simple 
laboratory spectroscope in Chapter I, riz., the slit, coUimat- 
ing telescope, prism, and \-iew telescope. It has three prisBi 
instead of one, a photographic plate holder is attached to the 
end of the view telescope instead of an eyepiece, then4iy tam- 
ing it into a camera, and there are two ad<Utional parts, one of 
which is the apparatus for producing the comparison spectnon, 
and the other for guiding the telescope. Both of them han 
been referred to in the preceding paragraphs. 

We can also examine on this plate the interior of the spectro- 
graph. Projecting outside of the heavj' ring, which is its main 
support, can be seen the slit tube, the gooseneck, aitd the com- 
parison apparatus. The gooseneck, with its tube, can be fol- 
lowed until the end is reached, where the eye of the ofasemer is 
placed. The slit is in the outer end of the eollimating telesct^ie, 
the object end of which faces inward toward the first prism. 
Over the third prism is placed the view telescope, which is con- 
verted into a camera, ha^-ing a plate holder at the other end. 
The prisms are adjusted so that they are effective for the wave- 
length 4500 A.U. 

The other tubes and rods which are represented in the plate 
are for the purpose of making the entire instrument as rigid as 
possible. It rests upon a carriage, at an angle which makes it 
most convenient for attachment to the telescope. On the table 
under it is a second camera which may be interchanged with 
the one already in use. The three essentials for a good spectro- 
graph are thus obtained; i.e., the parts are rigidly connected so 
that there is no fles:ure in the instrument, the temperature can 
be kept constant, and the optical [>arts have been carefully 
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selected. Something mny be said at this point in regard to the 
loss suffered by the light of a star in passing tJirough such an 
instrument. The ray of light that falls upon the surface of the 
large objective must pass through ita two lenses, which are of 
considerable thickness, and then through tie correcting lens. 
They next fall upon the slit, where on account of the waverings 
of the atmosphere there is often much loss, then in order through 
the lens of the collimator, the three thick prisms, and finally 
the lens of the camera. Without taking into account the loss 
of light at the slit. Professor Frost estimates that hardly more 
than ten per cent of the incident light is transmitted to the 
photographic plate, and when the atmospheric conditions are 
bad, not much more than one per cent. 

The next step in determining radial velocity is to measure 
the displacement of the lines in the spectrogram thus obtained. 
This is done with a special kind of micrometer called a measur- 
ing machine. The measurement consists in bisecting the line 
in the comparison spectrum and then the corresponding line in 
the stellar spectrum. Many difficulties present themselves in 
the process, only a few of which can be mentioned here. Since 
the comparison spectrum is an emission spectrum its lines are 
bright, but appear dark on the negative. The spectrum of the 
star, on the other hand, ia an absorption spectrum; its lines are 
dark and appear bright on the negative. Consequently there is 
a possible source of error in measuring first a dark line and then 
a bright one. Another difficulty, and a very great one, arises 
from the fact that in the star spectrum the dispersion is usually 
quite small and each line is in reality a group of lines. The wave- 
length of this group must be taken as a whole, hence the im- 
portance of giving it the correct value. This is the point which 
requires the greatest skill and judgment on the part of the 
measurer. 

The spectrum as it appears on the photographic plate is a 
linear spectrum, and the displacements of the lines are measured 
in microns or thousandths of a millimeter. These values must 
be changed into wave-lengths, and then into radial velocity. 
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The principle whicli connects the radial velocity with the n 
length is as follows : — 
Let X = the original wave-length, 

X' = the wave-length of the displaced line, 
dX = \' — \ = the change in wave-length, 

V = the change in velocity, or motion in line of & 

V ■= the velocity of light; 
then V : V - \' -\ -.K 

It will be seen from this equation that the value of r depends 

upon the ratio of — , since V is constant, hence in the spectrum 

of a given star, the displacements will vary with the wave- 
length, and will be greater in the red end of the spectrum than 
in the violet. 

There is also a formula well known to spectrosoopists for 
converting tlie linear differences into wave-length, called the 
Hartmann-Comu formula. By means of it the velocity is 
obtained in kilometers per second. IMien the velocity corre- 
sponding to the linear displacement has been deduced, it is not 
yet the radial velocity of the star, for a portion of it is due to 
the motion of the earth itself, and must be eliminated. The 
earth in its revolution around the sun has an orbital velocity 
of nineteen miles per second. This may be resolved into com- 
ponents in any desired direction, and that one which is in the 
line connecting the earth and the star can be obtained by an 
appropriate formula, and applied to the obser\-ed motion to 
obtain the true radial velocity of the star. 

The action of the spectrograph must be tested from time to 
time to see if it is in perfect adjustment throughout and is giv- 
ing accurate results. This is done by obtaining the radial veloc- 
ity of the moon or of a planet such as Venus or Jupiter. In each 
case the spectrum observed is that of reflected sunlight, which 
offers not quite so much difficulty in deciding upon the wave- 
lengths of groups of lines as do the stellar spectra, for the solar 
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spectrum has been very carrfuUy measured and the intensities 
of the different lines in a group are well known from Rowland's ' 
table. However, additional observations of certain stars se- 
lected as fundamental should be made from time to time in 
order to discover whether there are systematic differences in 
the results obtained at the observatories which are engaged 
in this work. As stated just previously, each line in the stellar 
spectrum is, on account of the small dispersion, composed of a 
group of hnes, and the wave-length assigned to it when of the 
solar type is determined largely by refereuce to the correspond- 
ing group in the solar spectrum taken under similar conditions. 
In the various tj-pes of stellar spectra, different lines which 
compose the group will have different intensities and hence will 
displace the center of gravity of the group, which is the point 
set on by the micrometer. Therefore fundamental stars of 
unlike types should be selected and the results from different 
observatories carefully compared and combined. 

The number of observatories which are co-operating in this 
work and their wide distribution on the earth may be judged 
from a report which recently appeared in the Astro-physical 
Journal,'^ April, 1914. A letter was sent out by E. B. Frost, the 
editor of the Journal, to those engaged in the study of radial 
velocity, asking for information in regard to their investigations 
of spectroscopic binaries, in order to prevent unnecessary 
duplication. Answers were received from the following obser- 
vatories, thirteen in all: Allegheny Observatory of the Univer- 
sity of Pittsburg; Detroit Obser\'atory, University of Michigan', 
Dominion Astronomical Observatory, Ottawa; Harvard Col- 
lege Observatory; Kdnigliche Stemwarte, Bonn; Kgl. Astro- 
physikaliscbes Observatorium, Potsdam; Lick Observatory; 
Mount Wilson Solar Observatory; Paris Observatory; Pulkowa 
Observatory; Royal Observatory, Cape of Good Hope; Uni- 
versity Observatory, Vienna; Yerkes Observatory. 

Assuming then that several spectrograms of a star have been 

* Henry A, Rowkiid. PrAvninary TiMe <^ Solar SpKinmi Wne-hmgOtt. 

* Ap.J..vi,VA. 
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iahea lad Meawtd vitk as peat caie am posAIe. tbeicsnlb 
■howld he cn fg ed to aae hgyM th^ agree- If tai eiaiiiiBt- 
tiaa tkr atv ImiBd to iGSb- Bot man Aan a few fcOoaietan; 
tlie avenge k taken wadmmamai tobetfaetM&I Tdoettjrof 
the atar. If, en the olher hand, the Tariatioa k lai^ and is 
■cpcated at n^nlar nderrals. it kcvideat that the vdocitr m 
the IbK of s^ is vmiiaUe. and penofficaOlf- so, hence the star 
BuatHKni'ctoandbowTtfaKgaluitytBthefineofsi^it. There 
ii oaij one expfauntiaa for this pbenoMenon. BaaMfy. that the 
rtar is 4»e of a pair, each of wiodt nmst be aaonag in aa oifait 
aromid the commoD center of g f a v ity , and boKe together they 
foTOi the tm> compooents of what is called a apecbosai^ 
hiaaiy. 

Siaoe we have been coDsidenng a ^wc^nun which has oviy 
cne set of lines, the body which is the companion in the binaiy 
^ 3 rH t ein must be vay tniH^ fainter in order that its lines shall 
not appear in the spectnnn. It is not necessarily aitirdy dsric, 
bat onJjr one or two magnitudes photographically fainter than 
the bri^ter oompooent. As Campbefl* states. 

The fourth magnitude companioa of a secood magnitade star of the 
nine q>ectral type would scarcdy be able to itnpr^ itsctf upoo 
the primary's Hpertnim. The invisible compoaents in any. and 
pcthaps all. ipectroaoopic binaries might be coDS[Hcuoua start il 
they stood alone. 

However, there are frequent cases in which the spectram 
shown the presence of two stars, in which case the lines become 
double and then single alternately. These are recognized at 
once as indicating the binary' character of the star. More than 
three hundred spectroscopic binaries of both kinds ate kn< 
at the present time, about seventy of which have had 
orbits computed. 

While it Is impossible in this volume to give any account of 
the theoretical method of obtaining the elements of a spectro- 
8C«jpic binary from observations of its radial velocity, it is desir- 
able to mention briefly certain facts to which allusion is 
> SUUar Maliont, ST8. 
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quently made. When a series of measurements has heen col- 
lected, the period of the variation is the first element to be 
determined. After this has been found, the observations are 
arranged according to the phase, as is the case of a variable 
star, then plotted and a smooth curve drawn througli them. If 
the star has no irregularities in its motion and the observations 
are accurate, they should lie quite close to the curve, which is 
called the velocity curve. It is by measurements taken from 
this curve that the elements can be determined, though they 
ape not just the same as those which can be found for an ortU- 
nary visual binary star. An excellent statement of them baa 
been given by Campbell in his volume on StcUar Motions.^ 

Passing now to the consideration of the question whether 
many variable stars are spectroscopic binaries, we find the evi- 
dence very conclusive, particularly with regard to certain types 
of variables. While we may not yet have proved the case with 
regard to all the members of any given class, this is because 
many of them are too faint for spectroscopic investigation at 
present, and hence the statement does not apply to those for 
which the spectrum has not been studied. With these excep- 
tions we may lay down the general proposition that all of the 
f^ort period variables are spectroscopic binaries. On the other 
band, none of the long period variables, and none of those which 
are irregular, are binaries. In every case the period of tlie veloc- 
ity curve is equal to the period of light variation, so that the 
existence of a connection between the type of the variation and 
the binary character of the star ia definitely recognized. The 
nature of tlie relation is not so easily explained i in fact it is 
imderstood with certainty in only one type, the Algol type, 
though numerous theories have been advanced to explain the 
Cepheid type. The explanation of the variation of the Algol 
type will be taken up first. It depends upon evidence derived 
from the light curve as well as from spectroscopic observations. 
Algol is supposed to be a binary star, one component of which 
' is very much fainter than the other. The plane of the orbit of 
■ ateOar Motitmi. eW-17. 
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revolution is inclined only a very little to the hue of sight, •( 
that an eclipse of each component by the other occurs once in 
every revolution. 

Goodricke. in 1783, was the first to offer thb explanation, 
placing it at the end of a communication to the Ro^-al Society 
in which he gave an account of hb observations of Algol and 
the determination of the period. He saj's: ' 

If it were not piorh^s too early to hazard even a conjecture on the 
cause of this variation, I should imagine it could hardly be accounted 
for otherwise thsn by the interposition of a lai^ body revolviog 
around Algol, or some kind of motion of iXa own whereby part of its 
body, covered with spots or such like matter, Is periodically turned 
towards the earth: but the intention of this paper is to cooimunicate 
facts, not conjecturvs, and I flatter myself that the fonner are remark- 
able enough to dcser^'e the attention and farther investigation of 
astronomers. 

The eclipse theory is suggested by the appearance of the light 
curve, which has been shown in Figure 10 and described bri^y 
in Chapter I. A fuller description of it ia desirable in this con- 
oectioa. It is therefore repeated in I'igure 29, where numbets 
are attached at different points to show the connection wiA 
the other figures and for convenient r^erence. An inspectioo 
of the numbers at the side of the figure will show the change o( 
magnitude during the ^'ariation of tight. The maximuin bright- 
ness of the star is maintained at a constant magnitude with • 
slight variation of less than .1 mg. I>uring the principal mifli- 
mum it loses about 1.1 mg. The descending and ascending 
branches of the minimum are symmetrical, and the minitrn n B 
lasts but a short time. The secondary minimtun, while Isstmg 
about the same length at time as the principal minrmiim, is 
Toy shallow, tfaete being a change of about .06 mg. The tnter- 
Tal ot time from 1 to 3 is called the duration of phase. We can 
aee, tken. bow this U^t cun'<e suggested an eclipse of a bri^ 
star by « dark one. Tbe duntion of phase occurs while the 
dark star is passing in troat of the bri^ star, the eclipse being 
partial. Tbe time of minimum represents the instant of greateat 
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eclipse, while the times I and 3 represent the 6rst and last con- 
tacts. During the rest of the period the entire surface of the 
bright star is presented to view; light comes from it alone, and 
the magnitude is very nearly constant. In fact, from the time 
of Goodricke until 1910 no evidence was offered that the light 
was not constant at mosimum, and it was only witli the appli- 
cation of the selenium cell, with its extreme sensitiveness to 
variations of light, that it was possible to determine a change 
so small as .06 mg. 

The loss of light during the time of principal minimum, 1.1 
mg., is by Pogson'a rule equivalent to 64 per cent; therefore 
two thirds of the central body ia obscured by the dark compan- 
ion. Considering the duration of phase in relation to the entire 
length of period, the angle described by the satellite during the 
time of phase is about 50°. This, in conjunction with their sizes, 
would require the radius of the orbit to be very small in propor- 
tion to the size of the principal star, when compared with 
visual binaries. Therefore Goodricke's idea did not meet with 
favor, because it required a system in which the stars were very 
large, and yet extremely close together. His idea was later 
rerived by Pickering, who showed by calculation that the 
change in brightness while undergoing eclipse could be due to 
obsciiration caused by a totally dark satelUte coming between 
the earth and the bright primary; but still the theory was not 
generally accepted. ttTien spectroscopic apparatus was per- 
fected, so that the displacement of the lines could be measured, 
Vogel very easily proved the binary character of the star, and 
in the years 1888 and 1889 collected obser\'ations from which 
he was able to determine the following facts regarding the 
system. 

Diameter of the principal star 1,700,000 km. 

Diameter of the sateLite 1,830,000 km. 

Distance between tlieir centers fi,180,000 km. 

Orbital velocity of Algol 42 km. 

Orbital velocity of the satelUte 89 km. 

a of the two bodies J and i of the sun, 

or in the ratio 2:1. 
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This was on the supposition that the satellite was a dark body, 
but after the discovery by Stebbins' of the secondary miniinuin 
the companion was no longer regarded as being totally dark, 
and new elements of the variatiou were derived and given the 
Following values. 

Radius of Algol IM 

Radius of companion 1.14 

Distance between centen ^.Vt 

Indination of orbit W^JS 

Surface intensity of Algol 1.00 

Surface intenaity of faint hemisphere of companion 0.050 

SurfscG intensity of bright hemisphere of companion. . . .0.068 

Limiting density of Algol 180 

Limiting density of companion 140 

The unusual dimensionH of Vogel's system explain why astrono- 
mers were loath to believe in its stability. The radius of the 
satellite is fully .78 of the primary, the distance between thdr 
centers only 3.05 of the same unit, and the distance between 
their surfaces 1.27 of it. 

The following diagrams will show the relation between the 
light curve, the orbital motion, the displacement of the spectral 
lines, and the velocity curve of the star. The numbers in the 
different diagrams represent corresponding instants of time. 
They may be described as follows. 

I. The Lighl Curve. The time from 1 to 3 is known as the 
duration of phase: 1 represents the beginning of the phase; 
i the time of minimum or the middle of the phase; 3 the end of 
the phase; 4 the instant of time half-way between the principal 
niininiiim and the secondary' minimum: 5 the beginning of the 
phit.se for the secondary minimum; 6 the middle of the second- 
ary- minimum; 7 the end of this phase; 8 the point midway 
betwren the secondary minimum and the next following prin- 
cipal tniuimiun; and 9, which corresponds to 1, b the beginning 
of the phase again. 

II. Th* RMatire Oiifit. In this diagram the larger star. A, 
kept !t«tionar>- at the coiter and the orbit b described by 
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relative to A. The parallel lines which enclose the prindpal 
star are the lines of sight to the earth. On the orbit of B posi- 
ticm 1 represents the instant when B has begun to mcroach 
upon the disc of ^, i.e., it is the beginning of an eclipse; S repre- 
sents the middle of the eclipsci when the fainter star is pro- 
jected upon the brighter star; 3 is the end of the eclipse. These 
positions belong to the primary minimum, because the brighter 




Figure 29. Diagram I 

THB LIGHT OUBVS 



Star is the one which is obscured. 4, which is 90° btnn 2, repre- 
sents the point half-way between the principal niiTiiminn and 
the secondary minimum; at 6 the star B has begun to disappear 
behind the disc A, which marks the ht-ginning of the secondary 
minimum; 6 is the middle of the secondary mmitniim , and 7 
represents the time when B has almost completdly reappeared 
from behind A; % represents the point where B is again in 
quadrature with A. The corretpondence between Figures I 
and n is very plain. 
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m. The Real OrbiU. In thU figure C is the center of gtsvity 
and the center <^ motion oS both of the components ot the as- 
tern. A, being the more massive star, describes the smaller 
orbit, and B describes the larger orbit. At any instant the? lie 




1 

Figure 30. Diagram II 

THE RILATTVB ORBIT 

in a straight line passing through the center of gravity. For 
our purpose it is not necessary to indicate all of the positions 
which are marked on the light curve, and only those at the con- 
junctions and quadratures are given. The motion in the orbit 
is supposed to be anti-dockwiae. 
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rV. Spedroacopic Evidence. In this diagram the displace- 
ments of the lines in the spectrum of the principal star are given, 
at the times represented by 2, 4, 6, and 8. The upper line repre- 
sents the normal position of the lines. Since Algol is of sfpectral 




Figare 31. Diagram III 

THB BBAL ORBITS 

type A, the four lines are supposed to be the hydrogen lines* 
H7 - Hf. 

V. The Velocity Curve. ^ To obtain it the radial velocities, or 
displacements of the lines, are plotted as ordinates with the 

^ Frank ScUeafaiser and IL H. Curtifl^ Fii5fib^^ 
lory qf the Unmirmiy cf PiiUburg^ Xi 81. 
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Figure 32. Diaerani IV 



times as abscissas, and a smooth curve is drawn tliKMi^ tlie 
points thus indicated, f onning what is called the vdocilgr curve 
of the star. 
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Figure 33. Diagram V 

THB VXLOCITT liUBVC 
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It now remains to point out the connection between these 
different diagrams. Comparing first I and II, we see from the 
correspondence of the numbers the relative positions of the 
primary and satellite during one revolution. As soon as B 
reaches point 1 the light begins to diminish, and reaches a mini- 
mum at the time of conjunction, 2. It then begins to increase, 
aJid at 3 B is ready to pass from in front of A. Since the orbit 
b circular, point i will be halfway between the primary and 
secondary minima. Since ^1 is the brighter star, the eclipse 
just described will be the darker one, and will correspond to the 
principal minimum. At position 5 the darker star, B, has 
begun to be occulted behind A, and the descent to the sec- 
ondary minimum has begun. 6 is the position where B is 
directly behind A, and represents the middle of the second- 
ary minimum. The very small change in magnitude, 0.06 mg., 
indicates that B is very faint in proportion to ^4. 7 represents 
the instant when B is about to emerge from behind A, and 8 
again is the point midway between the two eclipses. In Dia- 
gram III the numbers correspond to those in Diagram II, but 
in this case A also describes an orbit about the center of 
gravity, C, showing that the orbital motion of X is to be con- 
nected directly with the displacement of the lines in IV, be- 
cause A is the bright body, and b the only one which gives a 
spectrum. 

At any instant the motion of j4 is in a direction tangent to 
the orbit at that point. In position 2 its motion will therefore 
be at right angles to the line of sight, and hence the lines in the 
spectrum will not be displaced, but will be in their normal posi- 
tion. In position 4, 90° from 2, the motion of A will be entirely 
in the line of sight, and directed toward the observer; therefore 
the lines will have their maximum displacement toward the 
violet end of the spectrum. At 6 it is again moving across the 
line of sight, and the lines will be in their normal position, while 
at 8 it will have its maximum velocity of recession, and the lines 
will be displaced toward the red. If, therefore, observations of 
the spectrum of Algol show that at the time of the principal 
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mtoimum the lines are in their normal position, are then dis- 
p1iU'c<l toward the violet, regain their normal position at the 
time of the secondary minimum, and then swing toward the 
rc<l end of the spectrum, indicating recession from the earth, 
tlic connection between the orbital motion of Algol and the 
diiiphteeinent of the lines in its spectnun is complete. 

At the times between 3 and 5, and 7 and 1, the light comes 
from both 8tars, and therefore is at a constant maximum. In 
tlio velocity curve 2 and 6 represent the normal |>ositions of 
tlio lines, where the radial velocity is 0; 4 represents the maxi- 
mum positive velocity, or greatest rate of approach, and 8 the 
ftrentcst negative velocity, or greatest rate of recession. If the 
lystrin, na a whole, has a radial velocity independent of it^ 
orbital motion, this will be indicated in the velocity curve by 
the thci that tlie areas of the cur^'e above and below the een> 
Una will not be equal. If this is the case, the velocity of the 
Kj'nt^m can easily be found by drawing an abscissa which 
alitUl bo an axis of symmetry. This is indicated by the dotted 
line. 

If both IkkIics in the system are bright there will be two sets 
of liuwi ill Uk" spectrum. \Mien they are of the same spectral 
t^'pe the tn\i spectra will be identical, except that perh^ts one 
mtiy be fainte.r than the other. Also, if they have unequal 
OWMKW the orbits described by the two will be of unequal sixe, 
mhI the rvsuhing di^lacements t^ the lines will not be the same; 
U ww i Mft Uw more masdve body will be represented by the 
Bb« haviaf tlie smaller di^lacement. and the smaller body 
hy tk* lines h*\-ing the greater dispUceo>eiit. When they ate 
nM^rinj; across the line of si^t the spectraai «iD be nocml. m 

>Y^ m.'tw cotne to a ow ui der ^ tion of the variaBeoMlnalioBB 
«Wdh an ponMe in AD ed^MOg siystem, aad it t* dor d>t 
tttt vtMwn wvich w bve eones bva tm ladtpancal 
wMRSt. as Mkwa: (1) tl* Aitter of tfc (we. ackAf 
Ott ^iinliM «f phase: wad (*> Uk dundtr of Ae 4 
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relations of the two components. The light curves may be of 
four kinds. 

(1) There may be a series of equal minima, similar to each 
other in every respect, occurring at equal intervals. 

(2) There may be a series of equal minima occurring at 
unequal intervals, but arranged in pairs, two and two, the alter- 
nate intervals being equal. 

(3) There may be a series of unequal minima occurring at 
equal intervals, the alternate minima being always equal and 
similar to each other. 

(4) There may be a series of unequal minima at unequal 
intervals, where the alternate minima are equal and similar 
and the alternate periods are equal. 

In the above description the term equal minima refers to the 
change in brightness during the minimum, and to the shape of 
the curve. The character of the duration of phase also forms a 
fifth source of evidence which may be expressed as follows. 

(5) The minimum may be prolonged, lasting an hour or 
more, or it may be very brief, not over twenty minutes in 
duration. 

The spectrum may be either single or double, i.e., there may 
be one set of lines or two: in the former case one body is bright, 
and the other either dark or else very much fainter; in the 
second case both bodies are bright. In the latter the two spectra 
may be of the same class, in which case all of the lines will be 
doubled at the time of greatest displacement; or if tiiey are of 
different types only certain of the lines will be doubled. This ia 
illustrated by Plate X, which shows the spectrum of Mizar, or 
f Ursae Majoris, taken at two different times. In one case the 
lines are single and in the other they are double. 

Plate XI shows the spectrum of /i Orionis, taken on two 
different dates, showing a change in the displacement of the 
lines and hence a variable radial velocity. 

We must next consider the theoretical half of the problem, 
that is, the physical relations of the two components and their 
orbital movements. Upon the former depend the phases, and 
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upon tiie latter the intervals between the eclipses. By the 
physical properties of the two bodies are meant tbeir sizes and 
brightness per unit area, called by Stebbins surface intensity, 
but sometimes known as intrinsic brightness. These two proi>- 
erties determine the total brightness of the stars. Four different 
combinations may arise, for the stais may be of equal or un- 
equal size and their surface intensities may be the same or not. 
It is only possible to decide which combination is present wbai 
there are two minima in the hght curve. 

Theoretically the orbits may be ciroular or elliptical. If the 
latter, the major axis may be in the line of sight or incUited to it. 
and the plane of the orbit may be indined at a greater or \ess 
angle to the line of sight. It b obvious, then, that there are 
several possible combinations of stars and orbits in an echp^n| 
system, but there wiK be only four light curves to represent 
them; hence some ciures may result from several different 
combinations. The following statements will indicate nmst of 
them. The numbers rrfer to the curves described a few pages 
earlier. 

(I) This curve may be produced by a syst«n in which there 
is one bright body and one dark body, or two bright bodies of 
equal sise and luminosity or surface intensity. The orbit may 
be circular, or it may be elliptical, ha\'ing its major axis coin- 
ciding with the line of ^ht. It will not be possible from the 
light cur^-e alone to decide which of these sj-stems b tlie correct 
one. though perhaps it may be judged which one is the most 
probable. Spectroscopic observations combined with the evi- 
dence from the cun-e will settle the point, for if there b only 
one bright botiy tliere will be but one set of lines, whereas if 
l>otU are bright they must be equally bright in order to produce 
equal eclipses, hence each will produce a spectrum, and there 
will I>e two sets of hues. Measurements of the velocity curve 
will determine the eccentricity of the orbit and thus decide 
whether it is elliptical or circular. If it b eUiptical. then the 
utKJur axis must be in the line of .sight, or else the echpses would 
not QOCEUr •( equal iQter\-als. Unfortunately this evidence is 
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laddsg for many of the Algol variables because they are faint 
and their spectra have not been investigated, therefore we are 
forced to confine ourselves to data, derived from the curve alone. 
(i) This curve arises from only one combination. There are 
two bodies equal in size and brightness in the system, the orbit 
ia elliptical, and the major axis is not in the fine of sight. 

(3) This curve may result from either of two combinations. 
There must in any case be two unequally bright stars, but the 
orbit may be circular, or it may be elliptical, with the major 
axis in the line of sight. 

(4) This curve also requires two unequally bright stars, but 
oidy one orbit is possible, which is elliptical, with the major 
axis, making an angle with the line of sight. 

The fifth point, the duration of minimum, has been treated 
very fully by Russell,' who has written a series of very impor- 
tant articles dealing with the mathematical theory of deducing 
certain elements of a system from its light curve. When the 
minimum is very short, as with Algol, the eclipse is only partial. 
When it remains constant for some time, as in the case of U 
Cephei (see Fig. 11), the eclipse is either total or annular. 

The difference between the two cases can readily be under- 
stood by analogy with solar eclipses, save that there is a greater 
disparity in the sizes of the two bodies concerned. The eclipse 
is total if a small star is ob.scured by a large one, in which ease 
the beginning and end of the minimum magnitude correspond 
to the beginning and end of totality, or to the times of second 
and third contact. Whereas if the larger star is eclipsed by the 
smaller one the eclipse is annular and the minimum phase is 
reached as soon as the disc of the smaller star is entirely pro- 
jected on to the disc of the larger one. The times, as before, of 
the beginning and end of the minimum phase will correspond 
to the times of the second and third contacts. Whether in any 
gi\'eu case a total or an annular eclipse occurs can be deter- 
mined only by trial, after we have found the relative sizes of 
the two stars and their surface intensities. 
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In studying the light curves, Russell and Sbaplej-' have 
introduced the hypothesis that the stars may be darkened 
toward the Umh just as the sun is, or perhaps even to a greater 
extent. Thus for each star of this type the orbit of which has 
been determined, two solutions have been made, called the 
"uniform" and the "darkened," the first on the assumptioo 
that the star's light is uniformly distributed over its entii 
surface, and the second on the assumption tJiat the diae 
darkened to zero at the edge. 

But it is not jwssible to carry this discussion further m 
theoretical direction, for space must be given rather to some of 
the results which have been determined by Russell and Shapley 
in applying their methods to the examination of stars of 
tj-pe. The follawing are some of the facts which have 
gathered from their various papers. 

In certain cases, the dark companion has a volume ten 
the volume of the brighter, and yet scarcely one tenth erf 
total light, for example, S Cancri, In some cases both stars 
very nearly alike in all respects, as fi Aurigae. Others 
are similar in size but different in brightness, as V Pegasi. 
the majority of instances the dark companions are larger 
the bright primaries. Where they are smaller, the difference: 
size is always slight. 

In most of the cases investigated by Shapley he found 
the fainter star was self-luminous, and that it was 
essary to assume that the companion was entirely dark. He 
makes the further statement* that in about two thirds of the 
systems, the difference in brightness of the two components 
does not exceed two magnitudes, and that no observed differ- 
ence is greater than four magnitudes. It will be seen from these 
facts that the differences are not greater than are usually found 
in Wsual binaries. The eclipse of a bright star by a dark com- 
panion of much less than one half of its radius would ordinarily 
escape detection. Where it has been possible to determine the 



Ltia 

:1 




ECLIPSING BINARIES 



241 



difference in color at the time of eclipse, the large faint star ha^ 
been found to be the redder. Of the ninety stars investigated 
by Shapley, thirteen have spectral type B, fifty two A, ten F, 
seven G, and one K, six ore marked too faint for observation 
and one is left blank. 

The inclination of the orbits must of necessity be small 
in order to secure an eclipse, but in a few cases of partial 
eclipse it has been found to be over SO", For RR Centauri 
It is 48°. 

The densities of the stars in these systems are on the whole 
much less than that of the sun, though there are some excep- 
tions. 

Attention should be called at this point to an important piece 
of research work just published by Shapley' called " A Study of 
the Orbits of Eclipsing Binaries." Unfortunately it comes too 
late for the writer to cull from it anything suitable to the present 
chapter. However, some of the material in it has already been 
published in earlier articles in the periodicals. 

A study of Shapley's orbits shows that he has included ^ 
Lyrae and similar stars with those of the strictly Algol type. 
This is not an unexpected classification, since y9 has long been 
known to be an eclipsing star, the difference being that the two 
components are considerably flattened, and are very close 
together, so that between eclipses, the area of the light-giving 
surface turned toward us is not uniform, and hence the light 
curve does not give a constant magnitude at tins time. Twelve 
stars placed in this class by Hartwig have their elements stated 
among the ninety of Shapley. The accompanying figure* shows 
the chief characteristics of the system. The peculiarities of the 
spectrum will be described later. 

It would appear that there is no dividing line between the 
members of the two groups of eclipsing stars; that in the order 
of evolution, the two components, as they are first formed from 
t<tbe original nebulous mass, are possibly surrounded by the 

Contnbvtioni from Iht PrinceUm Obnrtaiory. no. 3. 
G. W. Myew, Ap. J., 7, 3. 
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same gaseous eovelope, and because of thor small density a 
rapid rotation become elliptical in shape. In the course of time, 
owing to tidal friction, they tend to separate, and get farther 
apart so that they are no longer in contact. There will always 
be two eclipses, but white the two bodies are in such close 
proximity to each other, the light ciu^e will vary continuously. 
After tb^ have become spherical and are separated, a certain 
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distance, the light between the two times of eclipse will come 
unimpeded from both and will be constant. At the same time 
it is not at all certain that a star of one type will ultimately 
develop into one of the other. 

A discussion of /9 Lyrae would not be complete without ao 
account of its remarkable spectrum, which is undoubtedly the 
most complicated and interesting one in the sky. It consists of 
bright and dark lines which shift their positions with reference 
to the normal, showing quite conclusively that it is a binai 
and that somewhere about the system is an atmosphei 
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is of a high enough temperature to give emission instead of 
absorption lines. 

This fact was announced by Pickering' in 1891 as one of the 
first fruits of the Henry Draper Memorial work on stellar spec- 
tra. Thefirst sentence in his article states: " The spectrum of 
the variable star (S Lyrae is unlike that of any other star hith- 
erto examined." He next calls attention to the swinging back 
and forth of the bright lines which was coincident with certain 
phases in the light cur\'e, and concludes by suggesting that this 
may be due to the revolution of the body emitting them, and 
that the star is a spectroscopic binaiy like ^ Aurigae, although 
he offers other explanations also. /9 Lyrae immediately became 
an object of study to spectroscopiats, but in spite of all the 
labor which has been expended on it, there are certain points 
about it which are still baffling. The most recent exhaustive 
study of it was made at the Allegheny Obser\-atory by R. H. 
Curtiss' and pubhshed in 1911, and from this paper a few of the 
more easily understood points will be taken. 

As staled above, the spectrum consists of dark lines and 
bright tines, that is, an absorption spectrum and an emission 
spectrum. The dark lines are clearly identified as belonging to 
two separate spectra, one of which is of type B8A and the other 
is B5A. The first set of lines oscillates with a range of 369 km. 
in the period of the hght variation. The second set is appar- 
ently fixed within quite narrow limits. The lines of the emission 
spectrum, in the form of broad bands, accompany nearly all 
the hydrogen and helium lines within the region studied, and 
do not oscillate, but none exist alone. Narrower emission lines 
accompany many of the other dark lines. The hydrogen and 
hebum lines are nearly all very complex, since they result from 
a combination of Hues in all three spectra. The study of these 
lines was difficult in the extreme, and they could not in general 
be used for the measurement of radial velocity. From the single 
dark lines a sufficient number was selected upon which to base 
the measurement of the radial velocity. There is not much 

> JJV. SOfil. * Fvblieation* of tin AtUfh^S Otmnalory, ti, 79. 





THE STUDY OP VAHLVBLE STARS 

doubt tliat some of the phenomena of the complex lines are d 
to differences in pressure, or reversal, or other physical condi- 
tions under which the atmospheres of the component stars 
exist. The special attempts to study and measure the emission 
lines resulted only in the conclusion that they may oscillate in 
a complex manner, but that more probably they remain fixed 
in position while the distribution of the intensity of their differ- 
ent parts is altered. It was hence impossible to measure their 
positions with the accuracy desired in radial velocity measures. 

As an outcome of the observed results, Curtiss describes two 
different hj-pothetical systems which may explain the spectral 
changes in the star. It seems best, however, not to attempt an 
explanation in this place, and to wait until further evidence 
has been collected, however loath one may be to leave the study 
of this fascinating subject. Undoubtedly a higher dispersion 
such as may be obtained with instruments like the Mt. Wilson 
reflector will make clearer the relation of the different parts of 
the complex lines. If it is possible to isolate [he central point 
of the bright lines and measure their displacements, it \rill 
assist much in the desired result. As for the second set of 
dark lines which do not oscillate, they are considered to be due 
not to a third body, but more than likely to reversals in tfa^— 
atmosphere 

There still remains one class of variables which are s 
Bcopic binaries, namely, the Cepheid-Geminid group. All o 
stars of these two groups which are bright enough to ha^'e had 
their radial velocity measured are spectroscopic binaries, and 
the period of light variation agrees in every case with that of the 
shifting of the lines. They are of spectral tj-pes F and G, The 
elements of the orbits of twelve of these stars were studied and 
compared by Miss Psyche Sutton' with the following results. 

In every case investigated, only one set of lines appears in 

the spectrum, hence only one of the component stars Js bright. 

The eccentricities are large, ranging from .10 to .40, and the 

size of the orbit is small, that is, they are close stars. The s) 

> Pop. Att., ig, MB. 
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of the light curve precludes the possibility of an eclipse. There 
are some variations in the spectral lines not due to orbital mo- 
tion, and there is also a stgnihcant shifting of the point of maxi- 
mum energy in the spectrum accompanying the light change. 
A still more important fact is that the maximum brightness 
occurs very nearly at the time when the primary star is 
approaching the observer most rapidly, and the minimum when 
it is receding most rapidly. There is no connection between 
the time of maximum light and that of periastron passage. 

Several theories have been offered in explanation of these 
facts, of which only four will be mentioned. The first is that 
the light variation is due to tidal action. The brighter compo- 
nent is the satellite and the dark one the primary. Since the 
orbit has a considerable eccentricity, when the bright star is at 
periastron it is much nearer the primary than at other times, 
and the gravitational force would hence cause enormous tides, 
which would elongate the disc, causing a greater light-giving 
surface to be presented. Allowing for the delay in the crest of 
the tidal wave due to friction, it would still be necessary for the 
maximum brightness to occur in the ^-icinity of periastron; but 
this relation does not exist, that is, there is no connection 
between the time of maximum and the time of periastron pas- 
sage. Besides, as Miss Clerke suggests, such enormous tides 
would probably disrupt the surface and cause outbursts of 
heated gas, which would be indicated by the presence of bright 
lines in the spectrum, and furthermore they would hardly sub- 
side in the length of the period, which is after all quite short for 
the action of such great forces. However, while tidal action ia 
not the main force acting to produce the variation of the star, 
there is no doubt that its effect is felt in the light curve, 

Anotljer theory advocated by Curtiss is that the system is 
pervaded by a resisting medium which enhances the brightness 
of that side of the star that faces the direction of motion. Here 
again the brighter star is the satellite. There are several objec- 
tions to this theorj-, one being that the resisting medium would 
have to be rather dense in order to produce the necessary eff'ect, 
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and that the matenal composing it would in time diminish a 
it is taken up by the brighter star. As it becomes less dense, 
the effect would be less and the variation of the star in bright- 
ness be less. Also there would be a greater range in brightnesa 
for stars having more eccentric orbits, which has not pro^-ed to 
be the case. 

Perhaps the most acceptable theoiy, and the one which best 
fits the observed connection between the times of maxitnmn 
brightness and maximum velocity of approach, is one proposed 
by Duncan.' He supposes that the brighter star is the satellite, 
and that the entire orbit is filled with a very rare envelope of 
nebulous matter, resembling in nature the corona of the sun, 
but much less dense than is required by the preceding theory. 
As the star is carried through this by its orbital motion, its 
atmosphere is brushed back by the friction of this medium, its 
depth becomes less on the forward side, and the light from the 
photosphere shines out more brilliantly since it passes through 
a much smaller layer of the cooler and absorbing atmosphere, 
This would agree quite satisfactorily with observation, for 
when the star is approaching the obser^'er most rapidly, the 
layer of atmosphere facing us would be at its thinnest, and the 
star would have its maximum brightness. On the other hand, 
when the star is receding most rapidly, the thickest layer of the 
atmosphere is turned toward us and the star is at its minimum. 
This theory is illustrated by the accompanying figure. 

The fourth theory can only be alluded to superficially. Very 
recently Shapley' has published a paper in which he states that 
there are so many objections to each of the theories based on the 
binary star explanation of the Cepheid type of variation, that 
it seemed better to him to reject it altogether and consider the 
light variation as being due to some intrinsic change. The most 
promising explanation in his opinion is founded on the concep- 
tion of periodic pulsations in the masses of isolated stars. 

Little need be said of the cluster tj^pe except that it is essen- 
tially identical with the Cepheid type, the division being usually 
' L.O.B., isi. ' Ap. J.. 40, los. 
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based on length of period. Shapley suggests that Cepheids of 
periods less than a day shall be called arbitrarily cluster type 
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Figure 36 
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variables, for there is at present no evidence of real difference 
between the two classes in nature or probable causes of the 
light and velocity variations. 




CHAPTER Xm 

LONG PERIOD VARIABLES 

Passing from the study of the short period variables to ti 
of long period, we Snd ourselves Ttith an entirely different state 
of knowledge both as r^ards the light variation and the spec- 
troscopic evidence. The main facts will be given briefly and 
expanded afterward. 

First, the light variation is not so regular as that of the short 
period variables. The length of the period is not uniform, the 
magnitude at maximum or minimum is not the same at differ- 
ent times, and the range of variation is large, extending occa- 
sionally to five or more magnitudes. Secondly, the sjiectrum is 
almost invariably of type M, and is usually marked by the 
presence of bright hydrogen lines at tnaximnm - None of the 
stars are spectroscopic binaries. 

Very interesting data regarding tie curves of these stars can 
be found !□ Annals, H.C.O.,' where are published the results 
of observations of seventeen long j>eriod variables which are 
circumpolar in this latitude. The following figures, which pve 
the period of S Ursae Majoria at different times and the accom- 
panying magnitude at maximum, show irregularities in both. 
S Ursae Majoris; Period, Z25 days, Marimiim, 7.5 mg. 



The variations in the period are represented in Hartwigl 
a Bine term, showing that they are periodic in character, 
elements are 

J J). 240 0571 + 226,5 E + 35 sin (5°.* E + IM'^.^ 
The magnitudes of Mira Ceti ' at maximum are still i 
> ^Mia:i,H.C.0..37,118. ' aiiiioii.H.C.0..5S,lS 
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irregular, as the following list of Uiem taken at randoi 
observations made during the past forty years shows: - 



1868 5.« mg. 

1869 3.9 

1875 2.5 
1879 4.8 
1885 4.8 



18S6 5.0 mg. 
1886 4.0 

1897 S.« 

1898 3.4 
1900 3.4 



These fluctuations, however, are much greater than are usu- 
ally displayed by a long period variable. The magnitude of 
Mira at miniranra does not vary so greatly, ranging from 8.5 
to 9.6 in the tioie mentioned. Its period, like that of S Ursae 
Majoris, is subject to large variations. 

In the chapter on the statistical study of variable star data, 
many other interesting and suggestive facts will be found in 
regard to this class of variables, and their correlations. 

It has been stated that very nearly all of this class give a 
spectrum of Secchi's third type with bright hydrogen lines at 
maximum. Practically only one star, Mira, has been investi- 
gated tor motion in the line of sight in order to discover whether 
it may be a spectroscopic binary. The evidence is entirely 
negative. Observations by Campbell' made on the dark lines 
at the time of the bright maximiun in 1897 and ISft&give a con- 
stant radial velocity and show that the variable is receding 
from the sun at a uniform rate of 62.3 km. per second, while 
those made on the bright hydrogen lines at the same time show 
that they have a velocity of only about 48 km. per second. This 
would seem to indicate that the envelope which is producing 
the bright lines must be moving toward the observer with a 
velocity equal to the difference in these two rates, or 15 km. 
per second. This would confirm what might already be imag- 
ined from the presence of the bright lines, namely, that the 
increase in brightness is due to enormous outbursts of hydrogen 
gas which occur with approximate regularity. 

The condition of the star may be somewhat similar to that 

f the sun, only more advanced. It has a tendency to form a 

' Ap. J^ 9, 31. 
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heavy atmosphere, full of clouds due to com[>ouDds; but jl^l 
as tlie sun-spot^ occur with seeming regularity, and are due to 
a periodic instability in the solar atmosphere, so the balance dt 
forces in the atmospheres of the long period variables is <lis- 
turbed at certain intervals, allowing outbursts of hydrogen gas 
from the interior, and resulting in a general increase in the 
brightness of the star. There is some uncertainty as to what is 
the exact cause of the brightening, for it has been stated that 
simultaneously with the hydrogen explosions, there is a general 
brightening of the continuous spectrum, showing that in some 
way the underlying photosphere of the star is either brightened 
or else shines through a less dense layer of the absorbing atmos- 
phere, since the presence of the glowing hydrogen is not suffi- 
cient to explain all of the change in the light of the star. As in 
many other cases, determinations of radial velocity are much 
to be desired, as well as careful measurements of the intensity 
of the spectrum at different times. 

The color of many long period variables is decidedly reddish. 
The relation between the color and the length of period wiU be 
discussed in the chapter on the statistical study. 

Pickering has separated a few stars which are of a peculiar 
character of variation, and placed them in two subdivisions of 
this group. He has called them lib and He, the first of which 
includes U Gemmorum, SS Cygni, and SS Aurigae. Its varia- 
tion was brieily described in Chapter I. U Geminorum remains 
at the minimiini brightness for a large part of the period, then 
without warning suddenly rises to its maximum brightness, 
where it remains for a tune, and then gradually fades away lo 
the minimum. The duration of the maximum is not always the 
same, but the curve shows two distinct types of maximum, the 
long and the short. This enigmatic star has been an object of 
interest ever since its discovery in 1855 by Hind, an English 
observer, for the suddenness with which it rises from tbe min- 
imum makes it necessary to watch it constantly. Two of 
Hind's countrymen, Baxendell and Knott, were also interested 
in this star, and being in frequent communication with each 
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other, occasionally eschanged telegrams when the star unex- 
pectedly brightened. A very complete investigation of the light 
curve of this star has recently been published by J. Van der 
Bilt,' of the Observatory at Utrecht, from which the following 
statements have been taken. 

Its brightness, which is generally below 13th magnitude, sud- 
denly rises to about the 9.5th magnitude, remains above the 
ordinary brightness, that of the minimum, for 9 or 17 days, and 
then repeats the process aft«r a period varying from 60 to 154 
days. All attempts to detect a law in the changes of the period 
have failed. The maxima are of only two types, the long and 
the short, and these occur alternately. The normal curves are 
so nearly similar to those of SS Cygni (Chapter I) that they 
need not be repeated here. 

Since it is so faint, even at time of maximum, the spectrum 
has been only imperfectly observed, but is usually described as 
hazy, and at times as resembling Class F, the last photograph 
having been taken on February *8,' 1911. 

The second star in this group, SS Cygni, has in addition to 
the long and short maximum a third type, known as anomalous, 
which is rather symmetrical in outline. The recurrence of the 
other two types is also remarkable, for sometimes two long or 
two short maxima will occur in succession, and sometimes the 
anomalous form will occur in their midst; but usually they are 
in the order short, long, short, long. A very complete discussion 
of this star by Leon Campbell ^ may be found in Annals, H.C.O, 

The spectrum is peculiar and is stated at times to resemble 
Class F. 

The diagram published in Popular Astronomy for April, 1914, 
representing the light variation for 1913 plotted from the com- 
bined observations of members of the American Association of 
Variable Star Observers, shows an interesting variation in what 
would ordinarily be the short maxima, for instead of following 
the usual course the upward slope is quite gradual, with a slight 

' Rrxhereket Aitronomiiptet dt VObttrvatoiTe iTUlnekl. in. 

« AmuUt, H.C.O.. 56, aiO. ' AtmaU. H.C.O., 64, S3. 
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irregularity in it. Whether this change is real and permanent 
inot be determined at present. 

SS Aurigac, the third star of this group, ia quite faint, and 
has not been under observation long enough for the collection 
of many data concerning it. 

The third division, lie, of the long period variables, was 
announced in H.C.O., Circular, no, 166, 1911, by Pickering, and 
contains stars which are ordinarily bright, but sometimes for a 
year or more become faint without warning, and \-arj- irr^B- 
larly until they again attain their normal brightness. Three 
stars are placed in this class by him, R Coronae Borealis. RY 
Sa^ttarii, and SU Tauri. Their spectra are also pectiliar and 
subject to changes. These three stars together with the three in 
the preceding group merit careful attention on the part irf 
variable star observers. 

The irregular stars have usually a rather small range, and are 
somewhat reddish, though varying from one extreme to the 
other of the color scale, some being among the reddest of the 
stars. Some very bright stars, such as a Ononis, o Cassiopeiae, 
and a Herculis, are extremely capricious in their fluctuations, 
vrith a range of about half a magnitude. 

1) Carinae is an irregular variable with a most remarkable 
history, which is detailed at length in Miss Clerke's SysUm of 
the Stars. Its changes, though very great, take place rather 
slowly. There is at present nothing to indicate whether another 
rise to extreme brightness will occur now or at any time in the 
near future. 

The peculiarity of its spectrum causes it to be classified with 
temporary stars rather than with variables. A photograph of it. 
taken at Arequipa, Peru, in 1898, showed nearly all the bright 
bands which were in Nova Aurigae in February, 1893, with 
about the same intensity. This fact was later confirmed by 
Gill at the Cape of Good Hope. The most recent observations 
of its spectrum were made by Moore ' in 1913, at the D. 0. 
Mills station of the Lick Observatoiy, at i 
• L.O.B.. iM. 
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Three plates were exposed, one in 1912, and two in 1913. They 
showed a spectrum of bright lines, and no dark absorption lines 
could be distinguished with certainty. The identification of the 
lines was quite difficult. Twenty were definitely proven to be 
the enhanced lines of iron. Titanium and chromium were also 
recognized, and several other lines seemed to coincide with lines 
in the chromosphere. Several strong lines could not be identi- 
fied, and on the other hand, lines of helium, nebular lines, and 
Mg. 4481 are not present. Moore says: — 

A comparisoD of the spectrum of 17 Carioae witli that of Novae in 
the early period of their history indicates a close connection between 
the two spectra. This fact, and the great fluctuation in light exhibited 
by thisstariothepasti'lenda support to the view, frequently eicpressed, 
that II Garinae is a Nova. Further support arises from the apparent 
location of this star m a great nebula. 

The history of the temporary stars has been carefully studied 
and the results presented in a form well suited to the general 
reader by Miss Gierke. Such stars need here be considered only 
in their character of variable stars, the light variations of which 
are to be studied like that of any other variable. They may be 
described as variables having but a single maximum. The light 
curve is characterized by a swift rise to maximum followed by a 
slow and irregular decline to ininimum. In the case of one star. 
Nova Persei no, 8, there was for some time an imusual semi- 
regular fluctuation, as can be seen by an inspection of the light 
curve in Chapter I, The main interest centers perhaps in the 
spectrum of this type, for the enormous displacement of the 
lines indicates a velocity which seems almost unbelievable. 
While at first the theorj' of two bodies, one emitting bright lines 
and the other dark ones, and moving in opposite directions, 
seemed to be accepted, it was with some reluctance. Later, 
that the displacements were due to the effects of pressure in the 
atmosphere or the gaseous envelope generated by the close 
approach of two masses of matter appeared more reasonable. 
At present, astronomers are waiting for more evidence, particu- 
larly spectroscopic, before advancing any further theory. 
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It is also important to get as early b photograph of the spte- 
trum as possible, because in the two instances where this hu 
beeD done before the tj'pical new star spectrum has devdoped, 
spectra of different types have appeared, i.e.. Nova Perso no. i, 
and Nova Geminorum no. 2, as mentioned in Chapter I. The 
former star ' showed first a spectrum of the ordinary OrioQ 
tj-pe, with no trace of bright lines, except perhaps at the lower 
edges of the dark lines. On the nest night the K line of caldmn 
appeared to be quite strong, but on the third night, that is. 
Februarj' 24, the spectrum had completely changed into that of 
the ordinary nova. A similar history' is recorded of Xova Gem- 
inorum.' It was discovered by Enebo at Dombaas, Norway, od 
March H, 1912, and immediately annoimced, so that astroo- 
omers were enabled to obse^^■e it at once. Several plates <rf its 
spectrum were taken at Harvard, on March IS, at which time 
it was plainly of the F5 type, or midway between Procyoo and 
the Sun, There were some differences between its spectrum and 
the type, though very slight. No change took place during the 
es-ening. The nert evening, March 14, the spectrum had 
changed, and was transitional between that of Procyon and the 
tj-pica! new star type. The hydrogen and K lines had bright 
broad bands on the edge toward the red. On March 15 the 
transition to the nova tj-pe was almost complete. These facts, 
in connection with early photographs of the re^on of the sky, 
may decide whether the star was really a dark body, or merely 
faint. Long exposure negati\'es will show the presence or ab- 
sence of nebulous matter about the star, and throw more li^t 
on its origin. 

The appearance of this preliminary spectrum is the most dif- 
6cuh fact to account for in an>- theory- which has been offered in 
explanation of the new stars. Granted that the star to wbicli 
it belongs was not leallj' a dai^ star, but cmly extremdy faint 
it is difficult to imagine any circumstances which would have 
made it grow bright, as for instance, in the case of Nova Persd. 
with such great rapidity, and stiD retain the same coDdittoos in 
H.CO, s6, no. 111. ■ H-Ca. Cintdtr, ao. ITS. 
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its atmosphere that existed before. Yet this is what must have 
happened. The causes, whatever they were, which generated 
the great change, must have greatly increased the heat and 
light radiation of the photosphere of the star before the impris- 
oned gases burst forth which give its typical spectrum. The 
subject to be investigated, then, is the exact point at which the 
tension of the forces within can no longer be held in check, and 
the disruption must take place. Only a further study of new 
stars in their early stages can give tight on this subject, and 
since their occurrence ia an unexpected phenomenon, it is not 
possible to prepare for it except as the astronomer must always 
be prepared for the unexpected. 

The later history of these novae ' is interesting, but rather 
uniform. The spectrum gives way ultimately to a nebular tj^pe 
of bright bands, which grow faint rather rapidly, leaving only 
the continuous spectrum, which is that of an ordinaiy faint 
star. 

The rest of this chapter seems a suitable place in which to 
describe the collections of some of the older observations of long 
period variables, which have recently been edited and pub- 
lished. They arc of undoubted value, for whatever may be said 
in regard to the necessity of using the most refined apparatus in 
making observations of short period variables, the Argelaoder 
method in the hands of an expert observer always furnishes 
material of scientific value for long period variables. The early 
observers were among the most skillful astronomers, made 
their observations carefully, and kept their records in good 
order. 

The reasons why such series of observations were not pre- 
pared for publication by the observers themselves were usually 
the same, lack of time and means. The busy astronomer in an 
observatory was ordinarily occupied in more exact work with 
instruments of precision, and considered his observations on 
variable stars as ranking only second in value. There was no 
regular periodical that had room for publishing the individual 
i. Campbell, SUUar MtOioiu. S8. 
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comparisons, though results might be welcomed. This mesnt 
that the observations must be printed in separate ^'olumes, 
which could only be done at great expense. So, for one reason 
or another, tie publication was not accomplished in the obser- 
ver's lifetime. Of recent years much empha^ has been laid 
upon pubbshing the original comparisons, and hence nearly all 
of the longer series made by the leading obseirera of variables 
have already been edited. Before describing the contents of the 
different volumes, it will be necessary first to state what poiirts 
are included in such a work. 

Preparing for publication consists, first, in idoitifying all the 
comparison stars, and obtaining their magnitudes, on some 
recognized photometric scale; second, in examining the records 
of the original observations of the stars, made night by night, in 
order to determine the time of each, to see that they are cor- 
rectly copied into the ledgers for each star, and to find the exact 
method used in making the comparisons, which was usually 
some variation of the Argelander method; third, in reduang the 
final magnitude or light step of the variable for each observa- 
tion, and in general in studying all possible sources of systematic 
error and eliminating them. The extent to which these various 
duties are performed by the editor depends upon what has al- 
ready been done by the observer, and upon other individual 
circumstances. The facts can be learned from the editor's 
statement and an inspection of the tables. The introduction to 
each collection usually has a concise statement of the equip- 
ment and purpose of the observer, and relates how the material 
passed into the bands of the editor. In the following pages the 
present writer's aim is to refer to these points, to sketch briefly 
the life of each observer, with particular reference to his n-ork 
on variable stars, and then to state in what condition the ob- 
serN'ations have been published, so that the investigator who 
wishes to make use of them will have some idea of their con- 
tents. Such a report is in no sense a critical discusdon of thdr 
value. Among those whose observations have been coUec 
and published in this manner are SchSnfeld, Beis, Krue^ 
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Schmidt, Pogson, Knott, and others, but first and foremost 
stands Argelander, with whom we shall begm. 

Friedrich Wilhelm August Argelander ' was bom in 1799, at 
Memel, being the son of a merchant whose family was of Fin- 
nish origin. The royal family of Prussia had removed from Ber- 
lin to this part of their kingdom after the events of 1806, and 
lived in the house of Argelander's father. In the family was the 
crown prince, afterwards King Frederick William IV, with 
whom Argelander formed a lasting friendship. He entered the 
University of Kijnigsberg and enrolled himself as a student of 
the science of finances. Very soon he became more interested in 
the lectures of Bessel than in anything else, and begged to be 
given some computing in the observatory. His request was 
granted, and he became one of Bessel's moat distinguished pu- 
pils. His mind turned more and more to questions of practical 
astronomy, and Bessel strove to strengthen hia interest in the 
science, and in 1820 appointed him assistant in the observatory. 
It was here, as described in Chapter II, that he assisted Bessel 
in his experiments in making the star chart, which gave him the 
idea of the great DurchmvMerung. The details of his astronomi- 
cal work need not be presented. He was called to the Observa- 
tory at Abo in 1823, where he remained until the town and Uni- 
versity buildings were destroyed by fire. Later the University 
was removed to Hebingfors, where he also went as the director 
of the observatory. In 1836 he was called to the newly estab- 
hshed University at Bonn, where the Prussian Government had 
decided to erect a large astronomical observatory, and its plan- 
ning and construction were placed entirely in his hands. While 
waiting for the plana to mature he was obliged to content him- 
self with a small equipment, and it was to this time of restricted 
activity that we owe his Urajtomeiria Nova, and his interest La 
the study of variable stars. He began in December, 1898, with 
an observation of o Ceti. He continued this work with much 
seal, even while carrying on the zone observations for the 
I Durchmusterung, and imparted to the study of variable stars a 
> E. SchOnfeld, VJS.. lo, ISO. 
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new dignity and value. Even at tlie age of sixty, when he fdt 
that his eyesight was becoming feebler, and that his results is 
this line were no longer valuable, his interest in the subject did 
not wane. But this v/as not all. He early saw that there was sn 
opportunity for interesting outside workers in the study d 
variables, and in 1844 published, in Schumacher's Jahrbucft, an 
article, "An Appeal to the Friends of Astronomy," for thepui^ 
pose of urging them to make interesting and useful obsen-a- 
tions of the hea\'ens, including, among other objects of study, 
variable stars. A translation of this portion of his paper, which 
the reader is urged to study, has been published by Miss Can- 
' of the Harvard Observatory. Argelander reviews the 
histoiy of variable stars, suggests methods of observing them, 
calls attention to certa,in ones which are in need of obser%'ation. 
speaks of working with his friend Heis, and finally utters a fer- 
vent appeal to amateurs for co-operation which is worth quot- 
ing here, not only because of its meaning, but because it gives us 
an idea of Argelander himself, and hb enthusiasm for his sub- 
ject: — 

Therefore do I lay these hitherto sorely neglected variables most 
prewiogly on the heart of all lovers of the sbury heavens. May you 
become so grateful for the pleasure which has so often rewarded your 
looking upward, which has constantly been tiered you anew, that 
you will contribute your little mite towards the more exact knowledge 
of these stars, . . . The observations may seem long and difficult on 
paper, but are in execution very simple, and may be so modified by 
each one's individuality as to become his own, and will become ao 
bound up with his own esperiences that unconsciously, as it were, 
they will soon be as essentials. As elsewhere, so the old ss,'k-ing hcJds 
here; "Well begun is half done"; and I am thoroughly convinced that 
whoever carries on these observations for a few weeks will find so much 
interest therein that he will never cease. I have one request, and it is 
this; that the observations shall be made known each year. Observa- 
tions buried in the desk are no obser\'ations. Should they be entrugt«d 
to me for reduction or even for publication. I will undertake it with 
joy and thanks, and will answer all questions with care, and with tbe_ 
greatest pleasure. 

' Pop. Art., 10. 
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So stimulating was his character and so great bis influence 
that it is worth while to pause and inquire a little more closely 
into its sources. The best appreciation of his life comes from 
Schiinfeld, his pupil, assistant, and successor. It is published 
in the obituary notice given in the VieTteljakTsschriJl and may 
be paraphrased in the following words. Argelander was more 
friendly to practical than to theoretical astronomy. As a 
teacher his most interesting lectures were on the practical sub- 
jects, especially when he had attentive hearers. Whenever he 
had pupils in whose interest he had confidence, he treated the 
subject very penetratingly, but he much preferred, at least in 
his Bonn days and before he felt his years, to talk informally 
with his students, especially to those closest to him, while walk- 
ing or when engaged in social intercourse. At such times he 
often went into the most detailed and interesting explanations, 
for which in a general lecture there b neither time nor the right 
audience. But it was not alone the great astronomer whose 
work and teaching attracted the younger men. It was his entire 
personality. It would be impossible to depict this in a few 
words. Whoever was fortunate enough to come into contact 
with him never forgot the impression made by the sincerity of 
his character, his great kind-heartedness, his open, cheerful 
nature, and the fine form of his conversation. Though familiar 
with those of highest rank in the kingdom of Prussia from his 
early youth, he was nevertheless a true adviser to the least 
beginner, a diligent helper to the pupil, a fatherly friend to his 
subordinates, and a cordial companion to his colleagues. To 
such characteristics may be attributed in great measure his 
success in undertakings requiring much co-operation, such as 
the DuTchmusterung catalogue. Argelander understood how to 
win the complete loyalty of his fellow- workers, and to retain it 
in the work. He studied how to remove every difficulty that 
might become a source of irritation, and never was Ms own 
activity greater than when he noticed, or thought he noticed, & 
beginning of sluggishness on the part of others. 

A large portion of Argelander 's observations on vanable stars 
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be published liinuejf in various jcnitiiaIs, tlie A-ttnm o mitiie 
NaduidUat and others. Many appe&ied in tlip pubticatiaos 
cf tfae obaervsUny st Boon, vcA. 7. port n. vhicli co\iered a 
period CKtetkdiiig from 183S to 1867. Muijr later observations, 
bowever. bad not been published io bis lifetime, and wbes 
Prof, nckering, during a visit to the obeerwtoiy m I8S3, i£i»- 
covered the fact, be asked the dbector, Scbonfeld, if be Dai^ 
have tbe prii'ile^ of a^iTing tfaem for farther dtscusskm. IVr- 
minioit was granted, tbe observatioiis, about 4000 in number, 
were copied, and taken to Harvard, where \ixy were reduced, 
and tbe results published in Amnal*. \xA. 33, no. 4. First conies 
an extended study of tbe oomparison stars, fcdiowed by the 
obsenations of sixteen ^'ariables of long period. Tlie final le- 
ButU contain the Julian Day, tbe calendar date, tbe resulting 
magnitudes, and the residuals. Individual comparisons are not 
given. 

The observations ot Schonfeld were edited by Valentiner,' 
who succeeded him as direictor of the observatory,' at Atunn^iwiH ; 
and when later he became director of the Astrooomical Insti- 
tute at Heidelberg his first work was to publish tbe extensive 
series of obser\~ations made by Schdnfdd. Tbey appeared ia 
1900. Sch5nfeld, it will be remembered, was. \i^elander*5 assist- 
ant in making the northern part of the great Durckmujiterung. 
He was called from Bonn in 1859 to become the (Urector of the 
observatory at Mannheim, in Baden, then just established. 
The condition of the country did not permit the building up of a 
well-equipped observatory', and he suffered from lack of ade- 
quate apparatus and assistance. Nevertheless he worked dili- 
gently in the study of variable stars, and in the course <rf ten 
years accumulated a large series of comparisons. He was then 
called ti) Bonn, in 1875, to become Argelander's successor, and 
at once applied himself to the task of preparing the southern 
Durckmiuterung, which was the continuation of ^Vrgelander's 
catalogue to declination —23°. This, in conjunction with his 
labors as editor of the Astronomische SachricMen, did not allow 
' VertiS. d. Oronk, Slemv:aTte lu Beidrlherf {AilromrtritcMe.i /lufiM). 
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him time either to continue his observations or to prepare them 
for publication. He fell ill not long after the completion of the 
SBD., and died id 1891. Valentiner expresses the greatest ad- 
miration and reverence for him and hia accomplishment amidst 
difficult surroundings, "Whoever remembers having seen 
Schonfeld in his little workroom, which scarcely afforded space 
for spreading out the books which were necessary for his work 
of the moment; whoever recollects how unpretentious he was, 
and how he could always be contented with small means, and 
knows that Schonfeld achieved more with his small equipment 
than many a richly endowed institution has accomplished; to 
him he will be a shining example of German devotion to learn- 
ing." He often worked from early evening till morning making 
his observations. His accuracy, as shown by the error of one 
observation, was about ,06 mg. During the years of his stay in 
Mannheim he compared 117 variables with 1100 other stars, 
and made 35,963 complete observations, with at least 5000 
observations of the comparison stars. 

The identification of the comparison stars presented the most 
(Ufficult task to the editor. Schonfeld was accustomed to mark 
with a fine pencil in his Durchmusterung charts the stars he 
used. Some of the marks had become partially erased in the 
course of time. Other drawings were on loose sheets which were 
frequently misplaced, so that the identification of all of the 
comparison stars is not perfectly certain. The instruments 
employed were a Steinheil refractor of 72 Paris lines, = 6.4 
inches aperture, a Steinheil comet seeker of 27 Paris lines, 
= 2.4 inches apertiu^, and an opera glass. The estimations 
were made in steps which varied somewhat with the telescope 
employed, and on this account he frequently used .5 of a step. 
The publication is divided into two parts, the first of which 
contains only the original comparisons, and not the resulting 
magnitudes, and the second the identification of the compare 
ison stars. In order to make these obse^^'ations suitable fop 
combination with those made elsewhere it will be necessary 
first to determine the magnitudes of the comparison stars 
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aeoonfing to a ataixlard pitotameter scale- As might be a- 
pected, this m<ak has already been cazried oat at the Harvard 
Observalory. and the lesdts are pobKAfd in AtaaaU, voL 64, 
DO. 3. The mTvstigstor. tiaen, bas <mif to intradooe tbcir 
ralues into the on^nal ccnqMiinns and tins obtaia the aif- 
nitades of the rariable. A series of ubaunatium bx S 
of thirty-two variables, had been |«iMi«inMl diuiug h 
bat FSckenng desired to re-redoce them with improved pb^ 
tometric dpterminatioas of tbe brightness of the compwisaa 
Stan, and they are ginai in « manner similar to that med far 
Argelander's obMrrations, described just previo»M^y,e iBC|itMH 
that in the table oontaininc the ubau u f*»""« one adifitioaal 
oolumn u foond. irtiidi gives the U^it pade of SchSafdid, as 
published by him in tbe memoirs just ref er red to. 

Another astronomer wbo oijoyed ft finendahip with Aige- 
lander was Eduard Heis tbeaatborof thestar mapsdesciibed 
in Ch^er 11. He was a teacher of mathematics and pbyncs in 
tbe Gymnasium at Cologne, and later at a school in Ai'H**" 
Astronomy, however, was his favorite science, and be bad for 
his own use a four-inch telescc^ie, but without a dome. lo 
spite of his poor equipment his energ;>' was so great and his q«- 
sight so clear that he was able to make a Urge number of vahi- 
abte observations. Even in his old age he was accustomed to 
say that he saw the stars as sharp points without any tays. He 
became acquainted with Ar^lander when the latter was called 
to Bonn as the director of its observatory, and under his influ- 
ence he devoted much time to ff Lj-rae, .After his death in 1877 
tbe manuscript of his obsen-ations was placed by his family in 
tbe hands of Hagen, who had once been his pupil. In conse- 
quence of the many questions which came to him Hagen de- 
cided to edit and publish the observations,' He writes tn the 
preface that the work, though laborious, was dear to him be- 
cause it permitted him to express his feeling of gratitude and 

' Sitiujifiberickle dtr Kauertiehen Akademie dtt WitteKtehaftm (Vnoiu), 
Tin, 146. and xur, SOS. 
I BrabodiluageB lerllMderiiehrr Sttrnt, bj Eduwd Htii and .Adalbert Kniegtr. 
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reverence toward his former teacher. In the same volume are 
included the observations of Krueger, which were also en- 
trusted to him for editing, and he writes, "Their publication in 
the same volume with the observations of Heis, and with the 
same method of reduction according to the light steps, will be 
a welcome gift to observers of variable stars, since they were 
begun and carried on under the leadership of Argelander, and 
so establish a tradition of tlie method of this master." 

Heis's observations were made largely with the unaided eye, 
opera glass, or a small comet seeker, and his list included sixteen 
stars known to be variable. Since he was not dependent upon 
an instrument for his observations he frequently made compari- 
sons when on a journey, so that we often find references to other 
places than his home. In 1856 he must have gone on an unusu- 
ally extended trip, and taken as his steady companions S 
Cephei, yS Lyrae, and jj Aquilae, for we find the names of the 
places at which he stopped attached to the observations. Aa it 
seems to have been his one long journey it is interesting to dis- 
cover whither he went. On September 3 he was still in Milnster, 
his home. On September 12 he was in Berlin. Proceeding on his 
journey, he made observations at Bodenbach {between Dresden 
and Prague, at the frontier), Vienna, and KrcmsmUnster, 
reaching lovely Gmunden on September 30. From there he 
traveled through Ischl, Salsburg, and Fraunstein, reaching 
Mtinster again on October 18, What charming memories must 
have come to him when he looked over his observing books and 
came across these entries ! 

In arranging the observations the editor has placed first 
imder each star the data concerning the comparison stars, their 
bames according to Heis, Flamsteed, the ASV. of Hagen, and 
the BD.; then follow the steps, zero belonging to the first star; 
the number of times each was used, and the magnitude, taken 
from the PD., HP., and other catalogues when possible. The 
color is also given when known. The observations contain in 
tabular form the calendar date, the Greenwich M.T,, the 
comparisons, the results in hght steps, and the Julian Days. 
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The observations of Krueger are not so numerous, and sie«9 
fewer stars, among them being yS Persei and S Caocri, wfaid 
were observed more assiduously than any of the others. Knie- 
ger, when a young man, went to the University of Bonn to be 
Argelander's pupil, and later became his assistant and son-in- 
law. He iras made director ot the observatory at Helsingfots, 
moved from there to Gotha, and finally became editor ol the 
Aalronomixhe Nachrlcht^a, and director of the observabKy at 
Bel, where he died in 1896. The editing of both of these seriea 
(rf obser\'ations is done throughout with great care and tboi^ 
oughness. The results are particularly useful as a source of 
illustration because the final mean light step is given. From 
the work of Heis were taken the obser\-ations which were used 
in Chapters IX and X for determining the light scale of the 
comparison stars and the mean light cur\'e of a short period 
variable. 

A very large number of observations of variable stars, wfakji 
extended over a period of thirty -five years, from 1845 to 1879. 
was accumulated by Julius Schmidt,' director of the observa- 
tory' at Athens. On account of the favorable climate at Athens 
he was able to make obser\'ations n*ith a continuity that could 
not be equaled elsewhere. His entbe collection was sent to 
Vogel. of the Potsdam Observatory, after his death, and a 
copy was furnished at the expense of the Harvard Ctdl^e 
Observ-atory to Pickeiing, who had them reduced, in put. 
and published in %-ol. 33 of the Annala, no. 6. Thirteen vari- 
able stars of long period were obser\-ed. Unfortunately, not all 
tjt the comparison stars could be identified, but in order not to 
lose the obser\~ations a method of relative brightness, as seen 
by Schmidt, was employed, rather than the absolute briglitiwss. 
as measured by the photometer. For this reason, and owing abo 
to the fact that Schmidt often used lar^ inter^'als. such as 
seven or eight grades, in his estimations, only a portion of the 
observations was published, the stars selected being four in 
number. On the other hand, the immense number of the ol 
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vationa, and the persistence with which the comparisons were 
made, night after night, and year after year, give a decided 
value to the work. In the table only the Julian Day and the 
final magnitude are published. 

Schmidt was bom at Eutin in 1825. While still a schoolboy 
he showed a decided interest in natural phenomena, especially 
of an astronomical nature. His eyesight was keen and very 
sensitive to all the finer distinctions of form, brightness, and 
color, and he had a special gift for drawing. He perceived that 
his observations were of scientific value, and devoted himself to 
them with diligence, undisturbed by the lack of understanding 
displayed by his schoolmates and teachers. In 1846 he was ap- 
pointed Argelander's assistant at Bonn, and in 1853, he became 
director of a private observatory in Olmiitz. In 1858 he was 
sppointed director at Athens. One of his finest pieces of work 
was a drawing of the chart of the moon, for which task his 
talents particularly fitted him. 

Harding's name is mentioned in this connection because he is 
credited with the discovery of several of the brighter long 
period variables, R and S Serpentia, R Aquarii, R and U Vir- 
ginia, which he made during the years ISll to 18S1. The writer 
was not able to find any special mention of his work on varia- 
bles, and he is better known for his discovery of minor planets, 
for which he made a systematic search, and for his star charts, 
which were perhaps the best of his time. He was a professor at 
Gottingen, where he died in 1834. 

Pogson is most noted, perhaps, on account of having given 
the value 2.512 to the ratio existing between the brightnesses 
of two stars of successive magnitudes; nevertheless he was a 
steady observer of variable stars, and left a large series of obser- 
vations which has only recently been published in the MeTnoirs, 
R^.S., vol. s8. They were prepared for publication by C. L. 
Brook, but the volume contains an introductory note by Tur- 
ner, who had previously edited the obser\'ations of Knott and 
Peek. Norman Pogson was bom in 1829 in Nottingham. He 
was educated for commercial pursuits, but his natural scientific 
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interests led him to study mathematics and astronomy. He 
finally took up the work professionally, and held several diSa- 
ent positions, one of them being at the RadcliSe ObservatOTjr, 
Oxford, where he became interested in the study of vanAble 
stars, and from wMch place he published his derivation of tlie 
value 2.51*. Later he was appointed Government Observer it 
Madras, India, where be died in 1891. While in India be con- 
tinued his observations of variables, and at bis death the manv- 
script, containing 4214 observations, came into the posscsekm 
of his nephew, Mr. BaJtendell, Jr. Later they passed into tie 
hands of Turner, who had them copied, but was unable to |ho- 
ceed with the reduction. Some time afterward a demand was 
made for early observationa of U Geminorum. It occurred to 
Turner that it might be possible to secure the pubhcation of the 
observations in the Monthly Notices, one star at a time, and it 
was with U Geminorum that he began. An appeal for help, 
however, brought the desired aid from Mr. C. L. Brook, the 
director of the Brilisk Association of Variable Star Obsencff, 
which resulted in their being published m one volume. 

Fogson's observations are especially valuable because be was 
one of the earliest systematic observers of variables. Bis publi- 
cation contains observations and maps for thirty-two stars, 
thirteen of which he discovered. Finding that there was great 
need of charts for variables, he planned to issue an extensiTe 
atlas, and made many observations of comparison stars for 
the purpose. Unfortunately the m^>s were never published, 
though a few were printed for private drculation. Later tsa <A 
them were reproduced under the direction of Hagen, and issued 
as a part of one of the publications of the Georgetown College 
Observatory.^ Fogson also made many color estimations. 

The observations of Baxendell (1815-87), the brother-in-law 
of Fogson, and friend of Knott, are in the process of publica- 
tion, but not in one volume, as with most collections. The 
announcement of a prize question on the variable U Gemino- 
rum, by the University of Utrecht, created a demand for early 
* SuppUmtntarjf NoUi la At AUat BUOanan VoriabSitan, part n. 
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observationa of this star, and hence Baxendell'B observation)) of 
it were prepared for publication by Turner, in whose hands the 
entire set had been placed by his son for editing, and were pub- 
lished in advance of his other stars. Turner reports that the 
original observations had not been copied into ledger form, but 
this task was immediately perfonned, and the copy placed for 
safe keeping in a different building. Baxendell was engaged in 
business in Manchester, but becoming interested in astronomy, 
he joined with a friend, and together they built an observatory, 
and equipped it with a thirteen-inch reflector and a five-inch 
refractor. Later he removed to Southport, built a new observa- 
tory for himself, containing a six-inch refractor, and devoted 
himself to observation of variables. He was in constant com- 
munication with Pogson, using his star maps, and referring to 
him frequently in hb notes. His earliest observation of U Gemi- 
norura was made February 1, 1858: — 

I believe the star which I have marked U will prove to be the vari- 
able now on its march to another maximum. Though very small, it is 
distinctly defined, has no haziness about it, and is a dull yellow col(». 
These observations of Baxendell were published in the Monthly 
Notices, R,A.S,.' and m a more recent number Turner pub- 
lishes also his observations of R Arietis,' states his reason for 
continuing the work in this form, and promises that reports on 
other long period variables will follow from time to time. 

Several variable stars were discovered by Hind (1823-95), 
though no special series of observations by him is mentioned. 
Bom in Nottingham, he was early drawn to the study of astron- 
omy. He held several positions in observatories, and finally 
became the superint«ident of the Nautical Almanac oflGce, in 
London. He was a friend of Baxendell and Knott, 

The observations of George Knott, of twenty-three long pe- 
riod variable stars, were edited by H. H. Turner, and published 
bi the Memoirs, R.A.S., vol. 53, extending from 1860 to 1894, 
Mr. Knott was one of the English scientists we so often hear of, 
who, while having independent means, are so thoroughly de- 
> MonMy Notieet, R.A.S., 67, 310. > Loe. eit., 73, 121. 
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voted to some branch of science that, like Darwin or E 
tJiey carry on their line of investigation wiUi unBagging devo- 
tion. He early became interested in astronomy, bought first 
8 four-inch reflector, and later a seven-inch refractor by Clark, 
in 1859. His records were kept with scrupulous neatness, andat 
bis death were already partially reduced, which much facili- 
tated the work of the editor. He gradually entered into an 
extensive correspondence with other observers of ^'ariables. 
particularly the two Baxendells, and telegrams were frequently 
exchanged between them, announcing unexpected changes 
especially in such irregular variables as U Geminorum. SooK- 
times these crossed, as when Mr. Knott wrote on one occaaoi 
to Mr. Baxendeil: — 

I was greatly amuaed at recnving your telegram this morain^ about 
half an hour after I had started one to you, and one to Espio, reqxel- 
ing our friend U Geminorum. 

After the introductory pa^es the volume contains a Jist of the 
times of maxima and minima as determined by Mr. Knott and 
entered in his ledgers. For each star is given the chart used in 
observing it, which is accompanied by the identification (A the 
comparison stars and their magnitudes, and finally the observ- 
ations, which include the Gr, M.T. of the observation, the 
light estimations, the resulting magnitudes, the mi'UTi nuwni* 
tudes, and remarks. 

Another volume of the Memoira ' contains observsticHis 
made under the direction of Sir Cuthbert Peek, at his obaerva- 
toiy at Rousdon, near Lyme Regis, during the years 1885 to 
1900. These also were edited by Turner, but not until after the 
death of Peek, who had himself already written the introduc- 
tion. In it he states that the work was in progress for about ten 
years, during which twenty-two long period variables were 
und^ observation, and 4133 comparisons had been made. 
These were all done by Mr. Grover, the assistant, though imder 
the dose personal supervision of the director. He prepared his 
own charts, and detmnined the magnitudes of the oomparison 
> Umnain, RjIM, 55. 
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itli much care, revising them occasionally. Argelaader's 
I of comparison was used, five stars being employed 
rer possible, some of which were brighter and others 
than the variable. He foimd an interesting result ensu- 
n the comparison stars were all either brighter or else 
which may be described in his own words; — 
wf the variables rise at maximum considerably brighter than 
QiarisoD star within the same telescopic field, while others fall 
lUm below the faintest visible; thus it follows that in the first 
comparison can only be made with fainter, and in the second 
bbrighter stars than the variable itself . A discussion of a large 
of observations shows that when the comparison is made 
with stars fainter than the variable the mean result makes it 
ht, while when stArs brighter than the variable are employed, 
magnitude comes out t4Xi low. 

1890 Harvard charts and magnitudes were used for 

[ the stars. 

bst of English observers of variables may be completed 
brief references to Pigott and Goodricke, friends who 
the latter half of the eighteenth century. Goodricke 

m in Groningen, Netherlands, in 1764. His father was 

1, and later returned to England and settled in York. 

tccount of Goodricke, written by Miss Gierke, which is 

B the National DuAwnary of Biography, we find men- 
Bveral of his articles on variable stars, which were pub- 
. the PkUosopltical Transactions, but verj' little is said of 
A few details of it are given by W. T. Ljtui, in a letter 

iditor of the Observatory.' He was a deaf-mute, but in 
his infirmity he received a good education in classics 

Uiematics. In a small building in the garden I>ehind bis 
Igott's house the two carried on together their astro- 
observations. At eighteen he had discovered the period 
law of the variation of Algol, and suggested that it was 
eclipse. He also discovered the variability of Lyrae 
q>hei, amt gave their periods. He died at the early age 

> Tin OhtfTvatary, 25, 271, 368. 
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Pigott (flourished 1768-1807) made a variety of astronomical 
observations. He discovered the variability of ij Aquiiae m 
178-1, and found its period. He also discovered the variability 
of R Coronae and R Scuti. He published a catalogue of fiftj 
stara, known or suspected to be variable, in the PkiloMtpkieal 
Transactions. ' 

Turning now to the American astronomers, we find two of the 
early workers mentioned in this book whom we wish to include, 
though neither one has left a collection of observations to be 
edited by some devoted pupil. They are Gould and Chandler. 
The former is prominent, not only on account of his work on 
magnitude, but also because he had a great influence on the 
development of astronomy in America. Chandler, on the other 
hand, by means of Iiis papers on various aspects of variable star 
study, has raised the theoretical side of the subject to a digni- 
fied position. Space will be taken to mention a few facts about 
each. The sketch of Gould is taken from an obituary notice 
prepared by Chandler for the MonUily Notices.^ 

Benjamin Apthorp Gould was bom in Boston in 1824. and 
graduated at Harvard College. After teaching for a year he 
decided to devote himself to a purely scientific career, and in 
1845 sailed for Europe to study astronomy. He was abroad 
three years, during which he spent three months at the Green- 
wich Observatory, four at Paris, a year at Berlin, another at 
Gettingen, four months at Altona, and one at Gotha. He thus 
came into contact as a student with such men as Gauss, Encke, 
Wilhelm Struve, Hansen, Peters, and Argelander. As fellow- 
pupils he had Schtinfeld and Auwers, while Von Humboldt, at 
that time an old man, became his friend. The earnest ambition 
of this young man, then just twenty-one, must have made a 
great Impression on these European astronomers, who were 
not so accustomed to the American student as the present daj' 
German professor. The older men grew interested in him and 
assisted him to obtain what he desired, and the young ones 
became his ardent friends. After his return he maintained a 
' Pkil. Tram., j6. 189. • MomUy Notiea, ILA.S.. 57, 418. 
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steady correspondence with many of the great leaders abroad, 
to whom he was wont to confide his projects and ambitions, and 
who sympathized with and consoled him in return. Their inter- 
est was the deeper, not on account of his personal ambitions, 
but because of his great desire to strengthen the position of 
astronomy, and indeed, of all science, in America, With this in 
view, one of the first projects he carried out on his return to 
America was to found the -4s(rOTiOTnieo/Jouma/, in 1849. That 
it really meant giv'ing up some of his personal plans is shown 
from a sentence in a letter to Encke; — 

Though the labor of supporting it will prevent me from working, aa 
I otherwise should, for the advancement of my own reputation, still 
the consciousness that I may render now a still greater service to 
science reconciles me to the abandonment of a great deal of personal 
ambition. 

In a letter to Von Humboldt, written in 1850, after speaking of 
the self -distrust and intellectual timidity in America, he says : — 

This I knew before returning home, but realize it now for the first 
time to its full extent. Therefore it is that I dedicate my whole 
efforts, not to the attainment of any reputation for myself, but to 
serving to the utmost of my ability the science of my country. 

He edited and supported the Journal, offering it to astrono- 
mers for the publication exclusively of original investigations. 
It was interfered with, first by the Civil War, in 1861, and then 
by his expedition to South America, but was revived again on 
his return in 1885. As Chandler says of him: — 

With such universal and intimate connection with the personal 
forces operating to advance astronomy in all lands, with his intense 
patriotism, with his strong intellectual and moral traits, he could not 
fail to exercise a powerful molding influence upion the development of 
American astronomy. 

Only a brief mention need be made of his astronomical inves- 
tigations, the most important of which were carried on in the 
Southern hemisphere. As planned at first the expedition thither 
was to be provided for by private subscriptions from friends in 
Boston, but through the enthusiastic support of its representa- 
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tive to the United States the interest of the government of 
Argentine Republic was aroused, and led to the establishmoit 
of a permanent national observatory at Cordoba. In additioD 
to the Uranomelria, mentioned in Chapter V, for which be 
received the gold medal of the Royal Astronomical Society, he 
carried on a series of zone obser\-ations. covering the regioo 
from 23° to 80° south declination, prepared a general catalogue 
of stars, made plans for a Durchmitslerung, and accumulated a 
series of photographic plates of the principal clusters in the 
southern heavens, which were taken to Cambridge, where he 
measured them and prepared the results for publication. 

The death of Chandler has occurred so recently that no satis- 
factory estimate of his position in American astronomy haa 
been published, and hence only a few meager facts of his life 
can be given, Seth C. Chandler was bom in Boston in 1846.' 
After graduating from the High School he worked for Gould as 
his private assistant, and later entered the coast sur\-cy, in 
1804. After having held various business positions he settled in 
Cambridge in 1881, became associated with the Har\'ard Col- 
lege Observatory, and resumed his astronomical work. From 
1886 he devoted bis time entirely to investigation. He soon be- 
came interested in variable stars, their colors, and the general 
laws pertaining to stellar variation, publishing at intervals 
catalogues of variable stars and other important papers. He is 
perhaps best known among astronomers for his discovery of the 
variation of latitude. One of his most important contributions 
to astronomical progress was the editorship of the Astronomiad 
Journal, which he took up upon the death of Gould in 1896. As 
the present editor has written, "If the Astronomiail Journal 
was the pet undertaking of its founder. Dr. B. A. Gould, it in no 
less measure became an object of absorbing interest to Dr. 
Chandler, when he assumed the responsibilities of the editor- 
ship, upon the death of tlie founder, In 1896." After X905 ill 
health overtook Dr. Chandler, and he was not always able tO| 
perform his editorial duties. He died December 31, 
' Alt. JouT., a8, 101, 
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CHAPTER XIV 

A STATISTICAL STUDY OF VARIABLE STABS 

A STATISTICAL study may be defined as an effort to correlate 
sets of values in order to discover if there exists a dependence of 
one set upon the other. If such a dependence does exist the fact 
will be shown by the trend of the numbera, or it may be studied 
by plotting the two sets of values as abscissa and ordinate and 
examining the resulting curve. In a study of variable stars tiie 
quantities to be correlated for each type are number, length of 
period, range, color, spectrum, and galactic position. Among 
the sources from which the necessary data are taken is the cata- 
logue contained in the H.C.O.. Annals, vol. 55, published in 
1907, which contains the period, the magnitudes at maximum 
and minimum, from which the range may be found, the spectral 
type, and the class of variation. Table 11 in the same volume 
contains the colors for many variables. The Annals, vol. 56f 
part VI, gives the spectral type, galactic position, and range. 
Hartwig's Ephemeris for 1914 gives the period and range for a 
considerably greater number of stars than is found in either of 
the Harvard catalogues. Hence it was used as a principal 
source for some of the statistics. Long period variables will be 
discussed first. 

The most obvious relation to be studied is the distribution 
according to the period. The stars in Hartwig were arranged in 
groups according to the length of the period, the imit being 
twenty-five days. The numbers are given in the accompanying 
table, the first column of which gives the number of days in- 
cluded in each group, and the second the number of stars. In 
the tliird and fourth are placed the mean range for each group 
and the number of stars used in forming this average. 

It will be noticed that the numbers In columns two and four 
are not identical; the reason is that for many stars no observa- 
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tions of the real miniinnm have been obtiuned, but only the 
magnitude below which the minimiim must lie, therefore the 
range cannot be detennined exactly; e.g., U Casaiopeiae is 
given the magnitudes of 7.7 and <C 14.7 at times of TnnTimtim 
and minimum respectively. 

An examination of the above table shows, first, that the max- 
imum of frequency is reached in the group 226-250 dajn, 
though the numbers do not vaiy much during the entire intei^ 
val 201-350 d^s, ranging from 46 to 53; second, that the range 
increases from 1.1 mg. to 4.5 mg. during the period 61-225 
d^^, but after that, is nearly constant. There are some cases erf 
quite exceptional range, but it also happens that a few stars (rf 
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r long period have a small range. The exceptions may be 



Pfriad Mia. Vin. Jlinvi 

VDelphini 629 da T.Tmg. 17.1 mg. 0.4 mg. 

SW Geminonim 898 0.8 lO.fl 1.* 

ULacertae 600 8.i 9.1 0.6 

The first of these was observed at minimum by Parkhurst, who 
was following it with the forty-inch telescope of the Yerkea 
Observatory and saw it reach a magnitude of 17 ± on August 
29, 1900. This is the lowest magnitude ever observed in the 
case of a variable. The other two cases might seem a little sus- 
picious, but the elements of SW Geminorum as published by 
Hartwig were furnished by Enebo, who is a very reliable 
observer. They are given in the form 

lVIin = 2418683 + 698 E. 
No other reference to the star could be found by the writer. 

The next quantities to be correlated are color and period. A 
valuable article on this subject has been published by Beljaw- 
sky,' who has drawn his material from the catalogue in volume 
55, From Table II of that publication he took the colors of 
about three hundred variables, the estimations of which bad 
been made by several different observers, but were based 
largely upon the scales of Chandler and Osthoff. The first step, 
therefore, was to make them homogeneous, but this was a mat- 
ter of some difficulty, since the stars common to both scales 
were few in number. However, they were finally reduced to 
Osthoff's scale, and a table was formed containing the stars in 
order of period and type of variation. The first column gives 
the class, the second the range of the period for each group, the 
third the mean period for each group, the fourth the mean 
color, and the fifth the number of stars included. 

These num>>ers, when plotted, show a steady increase of the 

color with the length of period. In order to discover if there 

were systematic errors in this table Beljawsky next arranged 

the stars of Type II, or the long period variables, according to 

' A.N. iisa. 
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their declinations, but was unable to find any variation due to 
this cause. He next compared the color with the mftTiTr mm 
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7^ 8^ 

Figure 36 

BELATION BETWEEN COLOR AND DECBEASmO BRIGHTNESS 

brightness of the stars, and immediately there appeared a sys- 
matic relation, showing that there was a falling off in the color 
with the fainter stars. It will be remembered in this connec- 
tion that Osthoff stated that these were all of a miif orm grayish 
color. The table and the resulting curve are given here because 
of their very great interest. 

Table IV 
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On account of this relationship the stars which were brightet 
than the 6f th magnitude and fainter than 9.5 rag. were excluded 
from the original list, and the cui^'es of the remaining stut 
were reduced to the mean magnitude 8.0. Table IV contains 
the recomputation. 

Beljawsky also investigated the relation between the period 
and range with the same results as those ah-eadj- given abovt 
His values ended, however, at 250 days, since the range could 
not be determined for many stars of longer period on account 
of the uncertainty of the minimum. 

A few exceptional cases of stars of long period having o 
low on the scale are 



S Kacium 404 da 


1.0 


Md6 


Z SagitUe \bi 
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HdS 


V Ddphini 4ST 


8.0 


? 



Each of these stars has the average range. 

Another interesting correlation to make is between 
type and color, or between spectral tj-pe and length of 
since color and period proceed j>ari -passu. Long period vari- 
ables nearly all have spectra of types M or N, but since not all 
of them are of the same color, but \-aTy from yellowish white to 
red, with a maximum at orange, it might well be inquired 
whether there exists any means of subdividing the class into 
groups which shall advance with the color, A possible source of 
information on this subject may be found in AnnaU, vol. 56, 
part VI, in the study of stars having peculiar spectra, which 
was carried out by Mrs. Fleming. She subdi\'ided Class Md 
into ten divisions, but imfortimately her death occurred bdon't 
she had written a complete description. However, the follow 
brief statement has been published:' 

A further examination of these spectra shows that they can be 
further subdivided into eleven groups. A classification was luade 
from an exammation of the continuous spectrum, the comparative 
brightness of the hydrogen lines being also carefully estimated, always 
assuming the brightness of H7 as 10. The first class, of which R Lyncis 
• PuhiicaHima of the AilTOTumni^ and Attro^ynral Society oS Amsriea, I,*8. 
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is the typical star, shows a spectrum resembling a Tami, and having 
also H/3 and H7 strong, bri^t, and nearly equal, while Hd is barely 
visible. The last group, of which R Leonis is the typical star, shows a 
continuous spectrum. ... Of the bright hydrogen lines in R Leonis 
H/3 is not seen, H7 is barely visible, and Hd is strongly marked. The 
other classes form a nearly continuous sequence!between these extremes. 

In an effort to find out if this classification indicated any 
difference in color the writer collected the colors from volume 
5Sy Table 11, according to the subdivisions Md to Md 10, and 
took the averages, but the results were not especially satisfac- 
tory, for there was no marked increase among the divisions, 
and indeed this was hardly expected, as the classification de- 
pended largely upon a study of the comparative brightness of 
the hydrogen lines, and this would not necessarily affect the 
color, which would be determined by the absorption in differ- 
ent parts of the spectrum. 

The galactic distribution of the long period variables will be 
given in a tabulated f orm» together with that of other types of 
stars, in a later table. 
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A study of the short period variables of Class IV may he 
carried on in tlie same way as for those of long period. One 
hundred and forty-eight stars of this class in Hartwig woe 
divided somewhat irregularly into groups in order to show tie 
distribution and difference in magnitude. The mean range for 
each period was foimd as before, but in only one case was tt 
necessary to omit a star from the range because the c 
magnitude was not given. This was SX Persei, 9.1-<[ ili^J 
mg., Period 4.290. These results will be found in Table Voa^ 
page 279. 

The Algol stars forming Class V were treated in the a 
way, and the resiilts are exhibited in Table VI. 

Table VI 
Clabb V 
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The spectral types of all the short period variables in Hart- 1 
wig are given next, the authority being volume 56, no. vi. 
Following them are certain exceptional cases about which no 
special information was furnished beyond the statement that 
the spectrum was peculiar for the class of variation. It has been 
mentioned that the stars of Class II w 
tral type M or N, 
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Spedral Typet eg (he Short Period VaruMet 
Class IV. Hartwig. Part 11. A 11, Ap 1. F 18, F2 2. F5 IS, 

F85,G2S,G«4,G5 8,K10,K5S.M?l,Mb2,Nl. Total 101. 
Class V. Hartwig, Part m. B3 2, B6 2, B8 4, B9 «. A 60, 

Ap 3, A3 1, As 2, F 7. F« 1, G5 ?. Total 85. 

Class IV. I^rae. Hartwig, Part IV. B 1, B2p 1, B3 1, 

A 7, Ap 2, F i. Total 14. 

ExeepHonal Caset 
Class IV. Y Aurigae, MP; ST Ursae Majoris, Mb; V Ursae 
Minoris, Mb; V Arietis, N; W Virginis, cont. 
Class V. RT Lacertae, G5? 

Class II. T Camelopapiis, Pec.; SU Tauri, G (this star is in 
Class He with R Cor. Bor.); R Monocerotis, ?; U Geminonim, 
Pec., resembles Class F; R Sagittae, G; SS Cygni, Pec., resem- 
bles Class F. 

Table VII 
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The genera] relation between spectral type and color for all 
the classes of variables has been studied by Franks,' who haxd 
his studies on the Harvard catalogue, with additioQsl informa- 
tion derived from other sources. He changed the numerical 
scales of Chandler and Osthoff into verbal terms. Hia results 
may be found in Table VII. 

The galactic distribution of the variables was neart stuiMed 
with the aid of the values given in ArtnaU. vol. 56, no. n. The 
sphere was divided into nine zones ^O" wide, with the central 
one including the Milky Way. Table VIU contains in the first 
two columns the number of each zone and its limiting paiallek 
In the following columns are lo be found the number of vari- 
ables in each xone according to their class, the last oohunn 
giving the total number: — ^^^J 

Table VIU ^^H 
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In order to determine the demdty of the Tuiablea in «adi 
zone it is necessary to introduce the area in square degrees ti 
each zone, which was found in the following manner. The am 
of the segment of a circle ia 

4wR*{l — COS o), 
* A.Ji. wa. 
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where a is the complement of the arc which forma the lower 
limit of the segment. In this particular case it is the co-latitude 
of the base of the zone. The ratios of the segments may be 
found by finding the values of 1 — cos a for the desired lati- 
tudes, and from them the areas of the zones simply by subtract- 
ing the area of one segment from the one adjacent. The process 
is as follows. The zones in the above list have for their bases 
galactic latitudes 70°, 50°, 30°, 10°, 0°. Their complements are 
20°, 40°. 60°, 80°, 90°, which are the values of the angle a to be 
substituted in the above formula. The resulting values are — 

a 1 —cos a 

20° .0603 

40 .2340 

60 .5000 

80 .8264 

90 1.0000 

The areas will then be in the ratio of .0603; .1737; .2660; .3264; 
and .1736, or .3472 if we count the middle zone as extending 
from -|-10° to —10° gal. lat. If we wish to consider the central 
zone as unity, which is the most convenient method, they will 
be in the ratios .174; .600; .766; .940; 1.000. 

In order to 6nd the density per zone, divide the number of 
stars in it by the area and this will give the distribution per unit 
area. If we divide the result by 304, the number of stars in the 
middle zone, the result will be the density compared with that 
of the Milky Way. This process is given in Table IX for all 
of the variables taken together. The first column gives the 
number of the zone, the second its area relative to the middle 
zone, the third the niunber of stars in each zone, the fourth the 
number per unit area, the fifth the density relative to the mid- 
dle zone which contains the Milky Way. 

The same kind of study of the galactic distribution has been 

made by Zinner,^ who used 1334 stars found in Hartwig's 

Ephemeris for 1912. His values are given in coliunn six, and in 

the last column are the corresponding values for the distribu- 

» ^JV.«S8. 
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tion of all the stars according to Seeliger. The comparison d 
the values of these last three columns will show whether the 
variable stars are congregated toward the Milky Way or not 
The distribution in the three middle «ones coirespcnids quite 
closely to the distribution of all the stars, but variables are not 
plentiful in the regions about the poles. These lie in the con- 
stellations of Cetus and Coma Berenices. The former has ten 
variables, a very small number considering its size, and the 
latter only two. It, however, b a rather small constellation, 
but the adjacent onea. Canes Venatici and BoOtis, have ei^Ml 
and fifteen respectively, showing that variables are sparaetfl 
scattered about this pole also. ^1 

As far as the irregular variables are concerned there seems to 
be very little material that can be tabulated so as to show defi- 
nite relations, though a few general conclusions can be stated. 
The range in magnitude is not lai^, the average being less than 
2.0 mg. The color is decidedly reddish, lying on the scale be- 
tween 4.0 and 8.0. There seems to be no special connection 
between range and color, but the number of irregular variablec J 
for whicL the color has been determined is rather too small fi 
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drawing definite conclusions. A star of range 5.3 has color 0.1, 
while a star of range i.i has color 9.7. There are six variables in 
this class having color grade of 2 or less, no one of which is de- 
scribed as being peculiar. For only two of them is the spectral 
type given. They are 

I 

^H The spectra of the irregular variables as given in volume 55 
"are of Type M or N with very few exceptions. Since there ia 
always a possibility that a star long called irregular like 
u Herculis, Sp. B3A, may later be found to belong to the short 
period class, any marked peculiarity in the spectrum should 
at once attract attention and suggest further observations. 
There are eight of these, including u Herculis, just quoted, and 
U Monocerotis, given in the pre<^ing list. They are: — 

Slar HaHf Bftdrtim 

X Tflim 8.8- 8.1 F 2 G 

S DoraduB 8.!- S.8 In duster N.G.C. 1810. 

► Spectrum Bret type, having 
Ha. H7, HP bright. 

Z Monoc. 8.0- 10.1 G S K pec. 

BT Librae 8.3 - g.O G ? 

P Ca». 4.4- a.l F 8 G 

U Vn. Mdj. 6.0 - 6.5 Pec. 

Among the irregular variables are a few bright ones which 
lave only a small variation. 

Slat Sautt 

a Cam. 2.1- 2.6 

a Oriouis 0.6— 1.1 

» Here. 8.1 -3.9 

R Lyrae 4.2-5.1 

M C^hd 4.0-43 



THE STUDY OF VAMABLE STARS 

A few statistics from Shapley's investigation of eclipsing 
binaries may prove interesting. The secondary minunum has 
been obsen'ed in the case of forty-three stars ranging from .(S 
mg. to .8 mg., of which 11 stars have a variation <^ ,1 mg. 

The figure of the stars may next be considered. For eighteen 
it is spherical, eight more show only a slight flattening, the ratio 
between the polar and equatorial diameters being ^ .9. RE 
Centauri has the greatest flattening, .631, while ff Lyrae Las 
.758. In five cases only is the secondary supposed to be totally 
dark. The ratio of the surface intensities is in most cases 
]>- 1 .00. For seven stars it is equal to unity, showing that the 
eclipses are equal. 

A few interesting miscellaneous facts may now be given. 
The following list shows the constellations having the largest 
number of variables, Cygnus is in the lead, the last variable 
given to it in Hartwig being BB, which corresponds to 80. \ert 
in order come Sagittarius, 71; Scorpio, 65; Carina. 54; Andro- 
meda, 43; Centaurus, ii; Auriga, 41; Draco, 39; Pegasus, 38; 
Hereules. 38; Aquila, 36; Orion, 36; Cassiopeia, 34; and Pereeus 
34, These include only the stars which are lettered according 
to the Argelandcr method. A few which have other names are 
not included. 

.\nother fact has to do with the number of variables discov- 
ered by a single observer. The data for these facts are taken 
from volume 55. Mrs, Fleming discovered 108 long period 
variables; Anderson, 45; Madam Cerasld, 40; Espui, 19; Hind, 
18; Peters, 18; Williams, 16; 14 were discovered at Bonn, 13 by 
Pogson. and 11 by Gould. Of Class IV, 14 were discovered by 
Roberts, 10 by Williams, 7 by Madam Ccraski. and 5 by Gould. 
Of Class V, 13 were discovered by Madam Ccraski and 5 hy 
Williams. Of the new stars 8 were discovered by Mrs. Fleming 
and 2 by Anderson. 

It b interesting to note the variables which were disco\-ered 
pre\-ious to the beginning of the nineteenth century. They are 
arranged in order with the name of the discoverer and other 
important facts. 
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1596, o Oti, Fabricius, 1.7-0.6 mg.. period 331.6+ da., first 
recogaized as periodic in 1638. 

1669, ^ Persei, Montiinari, 2.1-3.8 mg., period 2.8+ da., 
discovered independeDtly by Goodricke m 1782. 

1670, R Hydrae, suspected by Montanari, confirmed in 1704, 
4.0-9.8 mg., period 425.1+ da. 

1686. X Cygni, Kirch, 4.0-13.5 mg., period 406.0+ da. 

1782, R Leonis, Koch, 4.6-10.5 mg., period 312.8 da. 

1784, S Cephei, Goodricke. 3.7-4.6 mg., period 5.3+ da. 

1784, J) Aquilae, Pigott, 3.7-4.5 mg., period 7.1+ da. 

1784, y3 Lyrae, Goodricke, 3.4-4.1 mg., period 12.9+ da. 

1795, R Coronae, Pigott, 6.5 — 12.5 mg., period irregular 
Gong). 

1795, a Herculis, W. Herschel. 3.1—3.9 mg., period irregular. 

1795, R Scuti, Pigott, 4.8-7.8 mg., period irregular. 

These eleven stars may be divided into practically two 
classes, first those which are of short period and very bright the 
entire time, and second, those of long period which are very 
bright at maximum, but telescopic at minimum. 

In conclusion a few general results which seem to be quite 
clearly defined may Ije stated as follows. There is a masimnra 
of frequency for each type of variable. For the long period class 
it lies between 200 and 350 days, for Class IV it is less than one 
day, for Class V it is from one to four days. As far as range of 
variation is concerned there is a marked difference between long 
and short period variables. The latter, including Algol, have in 
general a range of less than two magnitudes, though there are 
some exceptional cases, while for the long period variables 
the range increases with the period from 51 to 250 days, and 
then remains stationary at about fifth magni tude, though ranges 
of eight and nine magnitudes are known. There is a marked 
correlation of spectral type and class of variation. Long period 
variables are nearly all of Class M or N; the stars of Class IV 
range from A to K, with some exceptions outside of these limits, 
while for Class V they range from B to G. 

The pro[>erty of the variable stars least amenable to a satis- 
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factory coirelatioD is tbe color. This is partly because tbe color 
scales are not uniform, and partly because the color of the vari- 
able at mazimuiD and as it decreases are not the same. Pu^the^ 
more, the relation between color and spectrai type does not 
seem to be as fixed as might be expected from other inveatigS' 
tions. The long period variables, which are all of Class M or N, 
vary in color from yellowish orange to red, while from their 
spectral type they should be quite red. The writer believes that 
visual estimates of the color are not likely to give satisfactoiy 
results, but that use must be made of some form of colorimeter 
or else of the method of Parkhurst and Jordan, described in 
Chapter VII, in which the color intensity is determined by 
comparing photographic and visual magnitudes and connectii^ 
these with the spectral types. This might make it possible to 
arrange a classification of spectral type M in which the dasKS 
would indicate the color with some degree of certainty. ^^_ 



CHAPTER XV 

HINTS FOE OBSERVERS 

While short period variables and those with rapid changes 
must be observed with the beat and moat refined devices for 
measuring differences of brightneaa, there still remains a large 
field of opportunity for valuable work on the part of an observer 
with a small telescope, namely, the observation of variables of 
long period. Since these change slowly and somewhat irregu- 
larly there is no need of the great accuracy with which the vari- 
ables of the class just mentioned must be observed. The num- 
ber of the long period variables is much greater. They cannot, 
except in the case of circumpolar stars, be followed throughout 
an entire period of variation, on account of their being lost in 
the light of the sun at certain times of the year. Hence it is de- 
sirable that as many astronomers as possible should share in 
observing them. 

Realizing that it is not difficult, with sufficient practice, to 
acquire skill in making comparisons by the Argelander method) 
Professor Pickering, many years ago, began issuing circulars 
inviting co-operation in making such observations. They con- 
tain directions for observing which are very complete, and 
cover practically all of the difficulties which the observer is 
likely to encounter. One of the first pamphlets was issued in 
1891, and was entitled Variable Stars of Long Period. From it 
the following suggestions and directions are quoted: — 

A natural classification of the variable stars seems to place together 
those having a period of one or two years. They have many points in 
common, for instance, when near maximum the lines in their spectra 
due to hydrogen are usually bright. Thia peculiarity has in several 
cases led to their discovery, and perhaps furnishes a clue to the cause 
of their variation in light. Their color is generally red, and the change 
in brightness very great. Several of them at maximum are visible to 
the naked eye. but at minimum become wholly invisible, or at least 
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beyond the reach of aoj' hut the l&rgest telcscopei. This rarutiaa a 
as gr«at as that between the brightest and faintest stars visible to tbt 
naked eye. Numerous observstions have been made of many at tbcae 
stars, but geaertUly with the object of detenniniag the times at vhA 
they attain their greatest brilliancy. The rate of the cbange, or k*m 
ot light curve, as it is called, has been compantively Defected, ft il 
the object of the present p^^er to pro\-ide a means of supplying ths 



t 



Many astronomers, provided in some cases with excenent tt iea eapts, 
find difficulty m using them in such a way as will really advance 
astronomical science. The study of these variables seems espedaltr 
adapted to such cases. Except the telescope itself no delicate ^>pa»- 
tus like clock-work or micrometer is required; even divided dnjesaie 
not essential, although they facilitate- observation. The «-ajiatioa id 
brightness is also so great that even rough measures will hare a nhn 
flince the laws reflating many of these variables are almost eoUnJ? 
unknown. AMien the total change in brightness is small, great dill it 
required to determine variations with accuracy, but less precisi(» is 
needed when the variations amount to several magnitudes. espedaOy 
as great accuracy seems to be imatt^unable, owing to the color tA tbtx 
stars. 

There follows a description of the Argelander method, iiiaA 
need not be quoted here, since the method has already been 
fully presented m an earlier chapter. Some remarks on tie 
sources of error to be avoided may well be given : — 

Evidently the comparison stars should be near the variable, and a 
very low power should be used so that the apparent distance may be 
small. Double stars and those near brighter stars should not be tued 
for comparison, since otherwise errors will be introduced, whcae 
amount will vary with the instrument used. Since a star near the edge 
of the field of the telescope appears brighter than when near the cenlCT, 
it is better to bring each star in turn into the center rather than to 
place them equally near the edge of the field. IMien the distance be- 
tween two stars is so small that they cannot readily be observed alter- 
nately, as just recommended, it is probable that owing to the varying 
sensitiveness of different piortlons of the retina th^ relative brightness 
will appear to vary according to their position. The head should 
therefore always be turned until the tine comiecting the eyes is paralld 
to that connecting the stars, in order that the error may be small in 
all cases. Its amount may be determined by selecting several pairs of 
stars, such that in each pair the stars shall be aeariy equal in bright- 
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ncss. and one ahove the other. Compare these stars with the upper 
stara in the Hucceaaive pairs, alternately to the right and left, and 
repeat with the head turned the opposite way, so Uiat each pair ia 
measured once witli the upper star to the right and once to the left. 
The mean of the differences of the results, when the upper star ia 
turned to the right and to tie left, will equal twice the error due to 
their position. When the variable is bright the comparison should 
also be madu witli the finder, with the Gcld-glass. or with the unaided 
eye, since it ia difficult to compare two very bright images. 

After further remnrka regarding the method of finding the 
region of the variable and of recording the observations, which 
will be touched upon later, Pickering gives the positions of the 
comparison stars for seventeen long period variables, which 
are circumpolar, and concludes with the following recom- 
mendations : — 

Observations of these variable stars are much to be desired, in order 
that the results may be compared with those obtained at Cambridge. 
All seventeen may be observed in two or three hours, with proper 
appliances and practice, If such observations could be made several 
times a month by a number of observers, we could determine whether 
apparent sudden changes in light were due to errors in ohaervation or 
to actual variation in the star. If observers with large telescopes would 
undertake to follow these alars when beyond the range of ordinary in- 
struments, we should obtain valuable results regarding the hght at 
minimum. . . . All persons observing the variables or comparing 
stars according to the system described above, are invited to send their 
results to Cambridge for reduction and publication on the same system 
as our own observations. It is hoped that all can be reduced to a uni> 
form scale of magnitude, and thus indicate the nature of the variation 
of stars much better than we now know it. Should this work commend 
itaelf to astronomers it is hoped to extend it to other variables of long 
■Mriod. 

■ The reader cannot help noticing how closely this exhortation 
resembles that other written by Argelander nearly fifty years 
earlier; although the language is less flowerj', the interest and 
the appeal are the same. 

Ten years later, in 1901, Pickering issued another circular, 
no. 63, entitled Co-operation in Observing Variable Stars:— 

The number of knowu variable stars of long period is now ao gctai, 
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and is iocreasuig so rapidly, that the obaervatioa of many of thera IJ _ 
been greatly neglected. Observations by Argelander's metiuxt ■» m 
easily made that they are specially ad^ited to observers n'ho. for n- 
riou8 reasons, cannot use precise photometric methods. In the case of 
variable of smalt range, including those of short period, and manjr 
of the Algol variables, the subjective errors greatly dinunish the value 
of observations by Argelander's method. In these cases, also, Um 
periods and light cun-es appear to be so re^lar that continuooi 
observations are not needed. It appears to be better to observe sucfa 
objects photometrically throughout their variation, if possible, and 
thus det«rmine the light curves. Small variations in the period can 
then be determined by occasional observations, at times when the 
light is varying moat rapidly. Many of the variables of long period 
appear to change irregularly, and continuous observations are required 
until the nature of the change is known. Moreover, the range is in 
many cases so great that the errors of observation are not sufficient to 
aSect seriously the form of the curve. 

After describing the method of making the observatiom, iw 
continues with further remarks regarding the suitable times (w 
tD&king the comparisons: — 

When the variable is faint it is imposnble to observe it for sev«»l 
days every montli at the time of full moon. At least one observation 
should be obtained in the interval between the successive times of fuD 
moon. This can only be done for polar stars, owing to the proximity 
of the sun at certain seasons. Since the periods of a large portion of the 
variables of long period exceed half a year, it is evident that monthly 
observations will in general pve a good idea of the form of the light 
curve. Of course additional observations should also be obtained, but 
failure to secure any observation during a long interval should be 
avoided if possible. Since 1889 an attempt has been made to obser\'e 
seventeen circumpolar variables north of declination + 50° at least 
once a month. These stars are always above the horizon at Cambridge. 
80 that they can be observed at all seasons. . . . Similar observations 
have been made of about sixty otber variables, but less regularly. At 
Arequipa similar observations have been made of a large number of 
southern variables. It is much to be desired that all variables of long 
period should be observed in the same way. or at least so that all can 
be reduced to a uniform scale of magnitude. Co-operation is necessary 
to attain success in this work. Variables near the ecliptic can be 
observed when near the sun much better at tropical stations than at 
those near the pole. The reverse ia true for polar variables. Northern 
variables can be observed for a long portion of the year at northern 
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hvatories, uid southern variablesat southern observatories. When 
iable can be observed only early in the morning it ia much more 
to escape observation than at other seasons. . . . When the 
ble is bright it is best observed with a smaJI telescope, that is, one 
having an aperture of not more than sIk or eight inches. Observations 
of great value could be obtained by an observer with a large telescope 
if he was notified when the star was too faint to be observed with 
smaller instruments. 

The excellent charts of Father Hagen are ahnost indispensable tor 
observing the stars when fainter than the ninth magnitude. When the 
variables are bright, the need has been felt here for charts on a smaller 
scale, and covering a larger region. After various experiments photo- 
graphic eoiargements have been made of portions of the admirable 
charts of the Bonn Durckmustemng. A region three degrees square 
surrounding each variable lias been enlarged three times, thus giving a 
map on a standard scale of one minute of arc to one millimetre. The 
stars on these maps, while appearing coarse by daylight, are thus easily 
jeen and identified at night, without a Lght bright enough to dazzle 
the eye. The designations of the stars in the sequence are marked on 
these enlargements, and copies will be furnished at coat. Charts will 
be furnished free of cost to ejtperienced observers who are ready to 
co-operate in the above plan of work. Observations of nearly equal 
value can be obtained by those unaccustomed to estimating inten-als 
in grades. It is only necessary to enter on the charts the standard 
magnitudes of the comparison stars, and from these to estimate di- 
rectly the magnitude of the variable. 

There follows a. list of fifty-three st&rs, for which the charts were 
prepared, with the corresponding magnitudes of their compari- 
eon stars. 

In Circular 112, issued in 1906, Pickering again calls atten- 
tion to the importance of continuous observations of variable 
stars of long period, stating that they are especially suitable for 
observation by amateurs provided only with small telescopes, 
and unable to devote much of their time and energy to astron- 
omy. He describes again the maps in use at Harvard, which are 
suitable for this work, the Durchmxisterung enlargements, and 
the Hagen charts, and adds that the latter "are supplemented 
by enlargements which have been made of photographs of 175 
regions, taken with the 8-inch Draper and Bache telescope, 
and show stare of the 12th or 13th magnitude. The scale is 
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20"=. 1 cm., and 8X10 prints on thick paper co^-ering abontl' 
square have been made of them. Thej- wiil be sold at cost a 
given to observers qualified to use them." 

He then describes another method of observation which w 
substituted at the Harvard Observatory for that of Argetaudet. 
Though it has already been mentioned in an earlier chapter, st 
may with advantage quote Pickering's account of it: — 

A sequence of comparison stars is selected (or each vanablc. and the 
photometric magnitude determined, as described in AnnaU, 37. Tliis 
magnitude, to the nearest tenth, is entered on the phutogra)>hic chvti 
described above. It is well to omit the decimal point to avoid mistak- 
ing it for a star. , . . With the chart thus marked the obser\-atioo fno- 
«sts in estimating the magnitude directly by comparing it with i 
brighter and fainter star. Thus, if Found to be distinctly fainter thin 
R star marked 96, or of magnitude 9.6. and brighter than one mariteJ 
100, we enter the magnitude of the variable 9.8; if nearly as bright u 
the brighter star. 0.7; and if equal to it, 9.6. These estimates are sd- 
dom found to differ by more than a tenth ot a magnitude from those 
obtained by Argclander'a method. No further reduction d lltt* 
observations is required, and the light curve may be constructMl the 
next day, using limes and magnitudes as co-ordinates. The observd 
should never look at the light curve before making the observationa, 
as if he knows what magnitude is to be expected his observations wiD 
have little value. 

There are about 400 variable stars of long period of the magnitude 
9.0 or brighter at maximum, and liaving a range of three magnitudes 
or more. Observations of each of these should be made at least oncea 
month. About 300 of those north ot declination — 30° ate imder 
observation at Cambridge, and about 40 of those south of — 30" at 
Arequipa. The pressure of other work renders it difficult to follow all 
of tlicse variables closely, especially in the case of southern stare- 
Several observatories are now taking part in this work, and it is hoped 
that the number may be increased, especially for stars in the southern 
hemisphere. It is only necessary that an observer should be provided 
with a telescope, preferably of 4 inches or more in aperture, and be 
able to identify faint stars with certainty. . . . CarefiJ watch of the 
remarkable and often unexpected changes of a number of stars is an 
interesting occupation, and the fact that the time is thus usefully 
expended should induce many observers to undertake it seriously. 

The reiterated efforts of Pickering to arouse the interest 
of astronomers in the observation of long period variables 




HINTS FOR OBSERVERS 295 

finally met with considerable success, so mucb so that he was 
able to divide up the worlt among different observers. In 
1911, in Circular 166, entitled Co-operation in Observing Vari- 
able Stars, he gives an account of what had been acconipUshed 
along this line, and includes a list of 373 variables of long period, 
which have a range of at least three magnitudes, and are of the 
magnitude 9.0 or brighter at maximum. He makes the follow- 
ing statement : — 

During the years 1906 to 1910 about 17,000 observations have been 
made by astronomers connected with tliis observatory, of which 1 8,000 
have been made by Mr. Leon Campbell. Sii thousand observations 
have been kindly communicated by other astronomers, also a very 
large number of observations have been obtained by the members of 
the Variable Star Section of the British Astronomical Association, and 
by many individual observers. To avoid unnecessary duplication and 
to secure the best results some fonn of co-operation seems advisable. 
In the past comparatively tew observations have been secured of 
the southern variables, and accordingly Mr. Campbell has gone to 
Arequipa to undertake their observation- 
He then mentions the names of those who are regular con- 
tributors of their observations, and earnestly requests further 
observations for the following reason: — 

While it is often possible to determine the form of light curve from 
observations made once a month, much more frequent observations 
are desired, especially in the case of stars whose periods are short. 
Accordingl.v a large number of the variables have been assigned to two 
or more observers. Past experience has shown that owing to clouds, 
moonlight, and otiier causes, it will be difficult even then to avoid 
intervals exceeding a month. On the other hand, there appears to be 
an endless duplication in the case of certain variables, and it is hoped 
that this may be avoided by correspondence between the obseirera. 
Certain stars of special interest have been assigned to all. This is also 
desirable for purposes of comparison. It is hoped the observers will 
find that tliey can follow many more stars than those assigned to them, 
as it is not probable that more observations will be secured for a large 
portion of the stars than wtU be needed to determine the light curves 
in each case. Observations of the stars in the east, late at night, or 
early in the morning, will be of special value in diminishing the inter- 
val when the star is too near the sun for observation. For similar lea- 
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CcJlectk)iis of observstwo* oootributed in this way haTc bea 
published, it^etiier iritfa oboervatioDs nuule bj- tbc icgakr 
staff ftt the Harvard Obaerrmtory, sztd wiO be found in nfamMi 
of the Anntdi, 37, 57, and 63. 

From tU beginning, in \8&S, Poptdar Attrxjnomj/bMxaemim 
B vehicle of communication for those who are interested in Twv 
able star observations. Tlie first number contains tliepndicttri 
minima of eight \-ariables cS the MgtA type, for the montfcs H 
September and October of that year. These predictions woe 
continued through the entire volume, and later other data 
r^arding variable stars b^an to i^pear. It would be voy 
interesting to follow historically the developing interest in this 
work, as expressed by the material contributed to this ma^ 
rine, but space will not permit it. The interest culminated, 
however, in 1911, io the formation of a regular society for the 
purpose of co-operating in the observation of v'ariable stars, 
which received the title, "The American Association of Vari- 
able Star Observers." The first notice of it comes in the form of 
some recommendations by the editor of the journal. H. C. TOI- _ 
8on, called "What an Amateur Can Do." J 



Many amateur observera would like to do a 
•cientific value, if they ooly knew what they could do with the ap|^" 
ances which they have. Many spend the time which they devote to 
evening observation simply looking at various portions of the sky, 
exclaiming to their friends over the beauties of what they see, and 
perhaps jotting down a few notes. This is all very well for one who il 
■imply amusing himself, but it should not be dignified by the name of 
"practical astronomy." 
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He then meDtions several kmds of work that the amateur can 
do, the first of which is the study of variable stars. He ends 
with the query : — 

Can we not have in America an assoctstioa of observers with a 
"variable star section"? . . . We invite correspondence in regard to 
the matter. 

In the next number of Popular Aatronomy he states that his 
suggestions seem to have met with a favorable reception, and 
the necessary correspondence in the direction of such a section 
was placed in the hands of Mr. W. T. Olcott, Qi Church Street, 
Norwich, Connecticut, who is still the secretary of the perma- 
nent association. He quotes a letter from Professor Pickering, 
who expresses his interest in the new movement, and states that 
while the work done by outside observers was being systemati- 
cally cared for at the Harvard Observatory, slil a large amoimt 
of useful work could be done in corresponding with the mem- 
bers of the association, providing for n^lected stars, distribute 
ing photographs, etc. "I believe," he says, "there is useful 
work for amateurs instead of merely looking at the moon and 
planets." In the succeeding number of the Popular Astronomy 
the new organization is fully launched, and the first report of 
Mr, Olcott, the corresponding secretary, appears, which con- 
tains suggestions for the future work of the association : — 

A preliminary publication should be made of the stars being 
observed by each member co-operating in this plan. Thus each nr 
ber will know at the outset who besides himaelf are observing certain 
stars on his individual list, and if he has occasion tocorrespond respect- 
ing certain observations he will know at once whom to address in each 
case. The further suggestion is made that each member of the assod- 
ation send in his list to the writer by the tenth of the month, in order 
that the report may reach the editor of Popidar Attronomy in lime for 
pubhcatioo each month. The list should contain, first, the name and 
address of the observer, second, the type and diameter of aperture of 
the instrument used, then the name of the star, the date of observa- 
tion, and the estimate of its magnitude. As fast as lists are sent to 
the corresponding secretary they will be forwarded to the editor of 
Popular Asinmomy for publication, and soon we hope to have such 
complete sets of observations that a comparison of estimates will in 
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each caae be a source of pleasure and profit to all partkipanU in tlai 
plan. AU obaervations made by members of tbe asaociatiaa will k* 
sent each month to Professor Pickering, Diiector of tbe Harvwi) 
College Observatory, who provides the necessary charts, oitd puUidiet 
from time to time discussions of tbe observations. 



He then gives the names of six obser%-ers who have signified 
their intention of joining the association. In November, 1911. 
the first monthly report of the new association appeared. By 
this time the membership had increased to fifteen, and ia the 
next month to twenty-five observers, representative of thirteen 
States in the Union, and Canada. In a letter recently reca'Twi 
by the autlior from Mr. Olcott, the statement is made that the 
association now has a membership of thirty-five, and thai du^ 
ing the past year, 1914, they contributed 14.506 observstioiu 
of 255 vanables. 

The British Ajstronomical Association also has a vadabk stai 
section, with a membership of thirty-nine observers. Its direc- 
tor is \£r. Charles W. Brootc, of Meltham, Yorkshire, England. 
The work of the section for the year 1913, as published in theit 
annual report, may be summed up as follows: 5014 observa- 
tions of 33 long period variables were made by 2 1 observers, and 
2786 observations of 6 short period variables by 9 observers. 

Many useful hints may be given to the new recruit who is 
taking up variable star observing, and those who have beai 
working at it for a longer time are only too glad to contribute 
such suggestions as they have found from their own experience 
to be most useful. For convenience these may be grouped 
under the headings : (1) Use of Telescope; (9) Time 
Identification of Variable; (4) Method of Recording; 
(5) Precautions. 

(1) Use of Telescope. The owner of a small telescope 
find in any well-known handbook, such as that of Gibson or 
Noble, complete directions for testing the lens of a telescope 
and its mounting, and he is supposed to understand the techni- 
cal part of handling it. Hence we need here give only such sug- 
gestions as apply directly to the obser\'ation of variable stars- 
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These include particularly tlie determination of the width of 
the field, the penetrating power, and the method of setting. It 
is necessary to obtain the width of the field in order to know 
how much of a star map is hacluded in the field of view. This 
may be ascertained as follows. Turn the telescope to a star 
which is near the equator and not far from the meridian. Note 
the time required for it to cros,s the field, from one side through 
the center to the other side. This may be done by using a stop- 
watch, or by comiting tbe beats of a common clock which ticks 
the seconds. The interval, multiplied by fifteen, to reduce it to 
arc, will give the width of the field. This should be determined 
for the finder of the telescope as well as for each of the powers 
used. 

The penetrating power is determined by finding the magni- 
tude of tlie faintest stsr visible with the telescope under the 
best conditions of seeing. This can be accomplished by exam- 
ining on a clear and steady dark night a field of stars, the mag- 
nitudes of which have been well determined photometrically. 
One such field is the Pleiades, a map of which can be found in 
Ball's Popular Guide lo the Hearens. Their magnitudes and 
positions are given in an excellent article by Muller and Kempf, 
entitled "The Brightness of 96 Stars in the Pleiades," in A.N. 
3587-88. 

This group of stars has been investigated more frequently 
than any other in the sky, but there are other fields which can 
equally well be used for this same purpose. Some of the maps 
which have been prepared particularly for variable stars will 
serve this purpose, if we can be sure that the magnitudes of the 
faint stars have been well determined. Parkhurst, in his Re- 
gearckes in Stellar Photometry, has investigated with a wedge 
photometer attached to the forty-inch telescope, the magni- 
tudes of the faint comparison stars of twelve variables, maps of 
which may he found in that publication. These furnish, per- 
haps, the best determinations of magnitudes of the faint stars. 

In locating the variable, if the telescope has no circles it 
ehould be pointed directly at the region in the sl^ where the 
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variable U supposed to be. In cmse it has cinJes the settii^ 
should be made in the foUowing maimer. From the right aacea- 
naa of the variable and the sidereal time find the hour tn^ 
from the equation. — 

Hour angle = Sidereal time — Right ascensdoo. 
If the sidereaJ time b greater than the right aacenskm. the stir 
has already crossed the meridian, and the hour angte b west, or 
positive. If the sidereal time is less than the right ascension, the 
star has not yet come to the meridian, and the hour angle b east. 
or negative. In order to perform the substrsctioo indicated in 
the second member of the above equation, it b sometimes nec- 
essary to add twenty-four hours to the sidereal time, but in any 
case the resulting hour angle must be less than twei\'^ hours. 

If the telescope have no clamp in dedination, it will be con- 
venient, after setting in declination, to set in hour angle by tak- 
ing hold of the end of the declination axis, thus avoiding touch- 
ing the telescope itself and disturbing the setting in declination 
already made. The order for the observer to follow in setting 
on a variable, then, would be: first, find the hour angle, decide 
whether the star is east or west of the meridian, and place the 
telescope in the proper position with reference to the pier. 
Next set in declination, and then set in hour angle. If the vari- 
able is not in the field of the main telescope, it should, if the 
setting is correct, at least be near the center of the field of the 
finder. In handling the telescope, the observer should accustom 
himself to swinging it, either in right ascension or declination. 
BO that he can move it in either co-ordinate without disturbing 
the other. This is facilitated if the observer holds hb eyes 
parallel to the diurnal motion of the stars, for then tlie motion 
in right ascension will be parallel to that direction, and the 
motion in declination perpendicular to it. 

(2) Time. Usually the amateur observer has no sidereal 
clock to use in determining the hour angle. The sidereal time 
must then be obtained by reducing the mean solar time to the 
corresponding sidereal time, with the aid of the American 
Bphemeris. The simplest way to proceed b to select some in- 
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jit of time early in the evening, such as 7 p.m., and change 
! into tlie corresponding sidereal time. Set the ordinary 
k by the result and it will serve during the hours of obser^'a- 
, Since common clocks read only to twelve hours, and not 
^ twenty-four, when the sidereal time is greater than twelve 
B observer must remember to add twelve to the face time of 
B dock. The Ephemerit for 1916, which is already in print, 
s (on pp. 713-14) the metiod for computing the change of 
with an example. As this can easily be procured from the 
(vemment Printing Office, Washington, no further explana- 
1 need be given here. The observer must know approxi- 
tely hia longitude. Care must be taken that the mean time 
s set according to U.S. Observatory time, which can be 
lained from any reliable jeweler, 
(3) Identification of Vahiable. The first step to be taken 
in the identification of variable star fields is to learn how to hold 
the map properly. Various observers have different ways of do- 
ing this. The rule which is given here is one which the writer 
has used for many years, and considers the simplest and most 
direct way of accomplishing the desired purpose. It is as fol- 
lows. Every star map is made for use with the inverting tele- 
scope, according to which the lower edge of the diagram is 
north, the right hand is east, the upper edge south, and the left 
edge west. The eastern part of the field is also known as the 
following edge, and the western as the preceding. It will be noted 
that the letters N, E, S, W follow each other in an anti-clock- 
wise order. It should also be remembered that by diurnal mo- 
tion the stars move across the field in a direct line from east to 
west. Furthermore, in different parts of the sky the inclination 
of this east and west line to the horizon will vary. Since in 
looking in the telescope, the observer generally places his ej'es 
parallel to the horizon, this line will make an angle with the 
line passing through the two eyes, and the map must be turned 
BO as to allow for it. Therefore, on first looking into the tele- 
scope, the observer should allow the stars to travel across the 
field by their diurnal motion. Having noted the direction of 
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tliis line, he nhould hold the map 90 that the east-west line dal 
be parallel to the east-west line in the telescope. West can lie 
very easily dlstin^i.shed from east because the stars cwne in on 
the eastern edge of tlie field, and pass out at the western eigt. 
When west is once located, the other directions, north, east, and 
south, follow each other in the anti-clockwise direction. Thi* 
rule seems to be a very easy one to remember, because it is in- 
variable, no matter in what part of the sky the obser\-er is look- 
ing, and hence the directions east and west and right hand and 
left hand need not be considered. 

The writer has also found it very advantageous, in compsring 
the telescopic field with the star map, to incline the head at sudl 
an angle that tlie line joining the eyes is parallel to the east- 
west line. If the telescope is provided with circles, and the 
diameter of the field of view has been obtained, it is a conip&n- 
tively simple matter to identify the variable, for when once the 
telescope is set for the right position the variable should be in 
the center of the field, and can be recognized by its poation 
with reference to some conspicuous group of stars in the field. 
It naturally happens that some fields are more easily recognised 
than others, but after some experience the observer should have 
no difficulty in being sure of the identification of the variable. 
If the telescope is not provided with circles that matter is not so 
simple. 

Since the writer has always been fortunate enough to obs«TW 
with a mounted telescope she has liad no experience in pointing 
directly at a variable, and has made use of the following hintJ^ 
which were kindly furnished her by Mr. Olcott: — 

The first sti^p. if the glass is not furnished with circles, is to plot OO 
the star atlas (KIt'in, Schurig, or Upton) tlic position of the variable. 
Moke a tracing ahowing its exact position aa regards lucid stars near 
it in the sky. Use the lowest power ocular (a power of thirty on a 
three-inch glass is excellent). Direct the telescope at the approximata 
location of the variahle, and slowly sweep in this region until you 
locate the exact field covered hy the chart. Identification of the fidil 
is greatly Facilitated by connecting with Unea on the chart the brighlelt 
Stars on the field. This yields several geometrical figures, and witht 
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mental picture of these in sweeping with the telescope there should be 
little difficulty in locating the variable. 

In general it may be said that the observer should make use of 
some star which can easily be identified with the naked eye. 
This should be placed in the finder, and then, by alignment, or 
passing from group to group, the field immediately surrounding 
the variable can be found. 

(4) Method of Recording. The entries made in the record 
vary more or less with the circumstances of the observer. They 
should include the date, the instrument and power used, the 
condition of the sky, whether the seeing is good, mediocre, or 
poor, whether there is bright moonlight, whether it is misty or 
frosty, whether the star images are sharply defined, or poor and 
fuzzy; the name of the star, and the comparisons {here the char- 
acter ot the entry will depend upon the method of observation). 
The time of the observation should next be given. In the case 
of long period variables this need be stated only to the nearest 
tenth of a day; but with variables the period of which is thirty 
days or less, including the very short period variables, the near- 
est minute should be given also. If the circles are used for set- 
ting it is often convenient to record the sidereal time and the 
hour angle of the observation. 

(5) Precautions, Several precautions have already been 
mentioned in Chapter VI, and also appear in the Circulara 
issued by Professor Pickering. The following are given by Park- 
hurst as essentials for good visual comparisons. Since some of 
them merely repeat what has been said before quite fully, they 
need only be briefly mentioned here. First, the line joining the 
two stars to be compared should be parallel to the line of the 
eyes. Second, two or three comparison stars should be used at 
each observation, if they can be found in proper distances and 
magnitudes. Third, the stars to be compared should be in the 
same field. Fourth, the interval in brightness should be less 
than half a magnitude. If this limit is exceeded, the compari- 
sons should be weighted in the reduction inversely as the inter- 
val. Fifth, prejudice which might arise from anticipating the 
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star's expecUd change should be avoided by poistponing niat- 
tioiu till the maximum or minimiiin is complete. Sixth, tin 
comparison of two bright stara should be avoided by rednanj 
the aperture by a suitable cap (this may sometimes be accom- 
plished by using the finder). Seventh, light in the eyes aboold 
be avoided by using for recording a one-candle-powcr iticaBd» 
cent lamp, so shielded as to illuminate faintly a cirde one V 
two inches in diameter on the reoord book. In anotber place 
Farkhurst suggests using a red lighL We have alreadly statol 
that in the case of colored variables it is essential to take a kng 
and steady look at the star, since it grows bnghter by so doii^ 

Two miscellaneous precautions may be added here. One i> 
intended for the observer who is using Hagen's charts. Hie 
scale for Series IV is different from that of Series I-III. the 
former being one half that of the latter, that is, tbe £eld of viev 
of the telescope covers a circle of half the diameter for Series 
rV, since the side of the square is 60' instead of SC, This may 
also be described by saying that the stars on the maps of Series 
IV will be further apart in the field of the telescope, apparently, 
than they are for the maps in Series I-III. 

The second comes from Yendell, who states that in combin- 
ing different comparisons of a variable made on the same night, 
he usually assigns weights depending upon the step intervals (^ 
the individual comparisons, as follows: ' 

It is considered that the comparisons roost likely to be carefull; 
studied and decided upon are those showing the equality of the vari- 
able with its comparison star, so that to such comparisons should be 
assigned the highest weight. For each step of interval this w«ght is 
supposed to be less. Prom the nature of the case any such scheme of 
weights is an arbitrary one. The writer has used for many years a 
system of weights suggested to him by a very eiperienced observer. 
The weight of a comparison showing equahty is assumed as 8, so that 
when the interval shall be as much as four or five steps the wdght shall 
still be sufficient to give it its fair share of influence in forming the 
mean. For each step of interval the weight is reduced by one. The 
difference between the result obtained by this method and by th* 
ordinary method of taking the simple mean is not sufficient to b 
' Pop. A*l., 14, MO. 
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perceptible for single observations, but in reducing long series the use 
of a system of weights tends to diminish the influence of discordaat 
comparisoDB. and to smooth out final results. 

While it is not possible to reproduce here any star mapa for 
the observer to use, enough has been said to show that they can 
very easily be obtained by the serious observer, either from the 
Harvard Observatory, or from the set^retary of the Variable 
Star Association. The latter has kindly furnished a list of vari- 
ables that are easy to locate because of their proximity to lucid 
stars, and are therefore recommended for observation with 
small telescopes which are unmounted. In the list is given the 
Harvard number as well as the name of the star. If the desig- 
nation is underlined it signifies that the star is of south declina' 
tion. The second list contains variables recommended for 
observation to those who have small telescopes mounted, with 
circles. These lists are not in any sense complete; they are 
merely recommended for the beginner. 

List I 

078708 S Can.Min. 

0084] I R Lconis. 

10S769 R Urs. Msj. 

141954 S Bofitia. 

154428 R Cor. Bor. 

162119 U Hercuh's. 

170S16 R OphiuchL 

180531 T Hereulia. 

18iB05 R Scuti. 

I9344» R Cygni. 

asOllO R PegasL 

List II 

OSWS Ceti. 

(K3133 R Trianguti. 

043274 X Camelop. 

174932 U Geminorum. 

123160 T Urs. Maj. 

123961 S Urs. Moj. 

134440 R Can. Ven. 
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Ui5M T Camel<v. 

154615 R Serpentia, 

les^G R DraconU, 

194032 X Cygai. 

805923 R Vulpecultte. 

210868 T Cephd. 

41384S SS Cygni. 

230759 V CaasiopeiM. 

It is not possible, in the limits of this volume, to inchideM 
extended bibliography of the subject of variable stars, 
are, however, a few publications that are extremely useful k 
suggestive to the non -professional worker, which may be d 
tioned here. It may also be stated that Hagen, in the fintl 
volume of Die Verdnderlichen Sterne,^ gives a very good bibt ] 
ography which contains in general separate books, publicatima 
of observatories, and proceedings of Academies, but not onfr 
nary articles from periodicab. The books which the author his 
found to be specially useful are Aiidr4, Traiii d'Aalronomit 
SUUaire;* Campbell, Stellar Motions;^ Gierke, Problems m 
Astro-Physics,* and The System of the Stars; ' Scheiner. PopvlSrt 
AslTO-Physik,* section on photometric apparatus, which gi^'es M, 
brief account of a great many of the different kinds of photoni 
eters; Turner, The Great Star Map,'' which gives an aocom 
of the formation of the Carte du del. Gould's Vranometria Ar^ 
geniina ' is excellent for its miscellaneous informatio 
magnitudes and star maps; Baly, Spectroscopy,'* though ^ _ 
technical, has some useful descriptive and historical sections. 
Andre has the best material on the history of stellar magnitude. 
The Annds of the Harvard Observatory arc so well known that 

' Btrderidu Vertagikandiuns. Freiburg \a Brebgsu, Gennany ; ISIS. I 

* Gauthier-Vaiara, Puis, Fra 

* Yale University Press, New Haven, Conn.; 191S. 

* Adam and Charles Bladi, Lmdon: 1 
' Loogmans, Green and Co., London and New Yodt; 1890. 

* B. G. Teubner, Leipnig and Berlin; 1908. 
' E. P. DuttoD. New Yorit; 191«. 
' Printed by Paul EmiJe Coni, Buenos Aires; 1378. 

* Longmans, Green and Co., London and New Yoric; IMS. 
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it is hardly necessary to make any special reference to them. 
However, they contain so much material on the subject of vari- 
able stars that it is sometimes difficult to find exactly what one 
wishes. For the purpose of obviating thi^ difficulty Pickering 
has recently issued a pamphlet which summarizes the contents 
of the AnnaU. In it there appears first a classification of the 
volumes according to the subjects. This is followed by a list 
including the titles of the different parts of all tlie volumes. 
After this is given a description of the contents of each part 
which is sufficiently full to enable the investigator to find the 
object of his search. The writer may perhaps mention a few of 
the volumes which have proved most useful in her work. 
Volume 37 was the first to give the lists of comparison stars for 
variables and the method of detenuiuing tlieir magnitudes. 
It also furnishes the method of determining the mean light 
curve of long period variables. The second part, which was 
issued after the first three series of Hagen'a Atlas had appeared, 
contains the material for converting the Hagen grades into 
magnitudes on the Harvard photometric scale, for many stars 
in Series I-III. 

Volume 57 contains also observations of long period vari- 
ables, made during the years 1902-1905; the second part in- 
cludes lists of comparison stars for 252 variables, for the rest of 
Hagen 's stars in Series I-IH, not included in Volume 37, and 
also stars in the other series. Volume 53 contains the catalogue 
of variable stars, also a table stating the color.s of variables, so 
far as they have been observed, and an index to the maps which 
have been published. Volume 24 contains the magnitudes of 
20125 faint stars, in zones 20' wide, and having centers in 
declinations — 20°, — 15", — 10°, etc., to the north pole. These 
are particularly useful in forming light scales for new variable, 
where the observer must depend upon the DuTchmuxterung 
maps alone. Volume 50 contains the magnitudes of 9111 stars, 
mainly of mg. 6.5 and brighter, and superseding the catalogue 
of stars in the preceding volumes. At the end is a verj' useful 
abbreviated Table, VII, which is called an index to the Bayer 
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EXPLANATION OF TABLES 

Table I is For the purpose of converdng a calendar date into Julian 
Daya or vice versa. It is divided into tliree parts, which are to be used 
as follows: la, for the beginning of the century ; lb. for the year in 
the century, and Ic, for the day of the month. Table la contains the 
day of the Julian period corresponding to the first day in each cen- 
tury counted according to the Julian calendar through 1500, but ac- 
cording to the Gregorian calendar for the succeeding centuries. Table 
16 contains the number of days in each year of the century counted 
from its beginning. If the zero year of the century is a leap year,— 1 
should be used. Table Ic gives the day in the year corresponding to 
the day of the month. It contains three columns; the first gives the 
tenth day of each month; the second, the corresponding day of the 
year to be used for the common year; and the third, the day to be 
used for a leap year. The use of the table can best be explained by 
an example. 

Find the Julian Day corresponding to the calendar date March 2S, 
1615. Entering the column la with the argument 1900, the corre- 
sponding number will be 2 415 OM. From Tabic lb find the number 
corresponding to 15, wliich is 5478. Since 1915 is not a leap year, the 
day of the year for March 26 should be token from the second column 
oflc. It is S5. Thesumof these three numbers will be the Julian Day 
corresponding to the given calendar date. The computation may be 
arranged as follows: — 

Marek S6, 191$ 

^ Table la, 1900 8 415 Ol» 
Table It, 15 6 4T8 
Table Ic, March 26 85 

i 430 68S 
The reverse process is frequently nece8.*ary in the prediction of the 
time of maximmn or minimum of the variable star, as illustrated b 
Chapter XI. The computation may be made as follows. Given Julian 
Day 2 405 693; change to the corresponding calendar date. From 
Table la the century is found to be 1800, or Julian Day e S18 400. 
Subtract this value from the Julian Day given and the result, S7 197, 
is the number of days since the beginning of the century. From 
Table lb this is found to be 74 years, for which the number of days ia 
27 028. Subtracting this number from the remainder just given, the 
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remit, 169, bdicates the number of the day in the year. Sum* lS7i 
was not & leap year this number should be taken from column tiro d 
Ic. This corresponds to June 18. The resulting date is. then. June ISi 
1S74. 

Julian Day «405Bfl3 

Table la. 1800 8 378 498 

Bemainder 27 197 

Table It. 74 g7 Offl 

Table Ic. June 18 1C9 

The obsen-er who la working continuously with the obsen-ation of 
variable stars will often find it convenient to arrange a small tslih 
which contains the zero day of each month for the years covered by 
his ob9er\'ations. 

Table II is for the purpose of changing from hours, minutes, and 
seconds to the fraction of a day or tice rtrsa. The argument of tUi 
table is made to serve for all three columns of tabular values. As 
printed, it gives the first two decimal places of the fraction of a day. 
The tabular values for this are given in hours, minutes, and seconHj 
in the second column; e.ff.. O^.'OS is equivalent to 1^ I«" 0". Tie 
third column contains the minutes and seconds for .01 of the argo- 
ment; e.g., ^.00 05 is 0° 4S80. The numbers in the fourth columo 
give the seconds corresponding to .00 01 of the argument; *^-, 
^.00 00 05 is equivalent to 0!43. 

For example, change ^iilS 676 into hours, minutes, and aeoonda 
With the argument .il take the value from the second column. With 
the argument .00 36 take the value from the third column. With the 
argument .00 00 75 take the value from the fourth column. The sum 
will be the hours, minutes, and seconds corresponding to the given 
fraction of a day. 



J. 21 S* e» 44' 

.00 36 fill .04 

.00 00 75 6 .48 



: 7 41.54 



o wetinJ 



The re\'erse process is illustrated by the following example. 
Ifl'' 23™ 29!68 into the fraction of a day. From column two w 
the first two figures of the result to be 0^r68, which corresponds to 
lO"" 19° 12*; leaving a remainder of 4° 17^66. From column three this 
is found to correspond to ^!00 29, with a remainder of 7!I0. Fmn 
column four this is found to correspond to ''^0000 82. ■ ' " " " *~ 

to 7;Q8. The given time b equivalent, then, to .682 082 d. 



I, which is eqiri^l 

J 



16 19 18 



DESCRIPTION or STELLAR SPECTRA 

The following three plates are intended to illustrate the classifi- 
cation of stellar spectra, which was explained in Chapter I of this 
book, being abbreviated from the orjgioal in H.CO., AniiaU, vol. 
38, from which Plates XIII and XIV are also taken. In describing 
them, an attempt will be made to indicate the groups of lines on which 
the classification is based. 

The first plate. No. XII, which is taken from Huggins's SUllar 
Spectra, represents the solar spectrum, which is of Class G, and four 
stars of Class A. The phot(^raph covers a region from wave-length 
4050 to wave-length 3625, with the red at the right. As tlie K line at 
A 3933 is at the limit of visibility, the greater part of the spectrum 
as here depicted is in the ultra-violet. This plate is particularly val- 
uable l>ecause it shows the hydrogen series of lines (1), of Chapter I, 
page 32. The lines are known by the letters of the Greek alphabet, the 
first one on the right being Ke, and can be followed by their posi- 
tions as far as Hr. These hydrogen lines are always recognized in 
the earlier classes of spectra by their rhythmic order. They are very 
apparent in types A and F of Plate XIII, and can easily be followed 
into B, G, and K. On Plate XIV they can be rccwgnized in a Cygni. 
f Puppis. and a Ceti. In the last star they are bright instead of dark. 

The second group (2) consists of another series of hj'drogen lines, 
which may be seen in the spectrum of f Puppis, Plate XTV, where 
they arc intermediate between the hydrogen lines, a little to the left 
of the middle of each space. This set of lines b characteristic of the 
early stars. 

Tie Orion lines (3), which comprise the lines of helium and other 
substances, not including hydrogen, areseeninthe spectrum of tOri- 
onis. It should be stated that the spectra on Plates XIH and XIV 
include the lines between the wave-lengths 3800 and 5000; hence they 
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are alinoal entirely in Ihe visible part of the apectnim. The iij'drafa 
line* in tiie spectrum of a Can. Maj. or Sirius «re thus H& By. Bl, 
and H<. Nearly all the lines in c Ononis, with the ezceptkd d 
the hydrogen tines, are classed as characteristic Orion Uoes. Of tix 
three most intense lines lying between H^ and Sy the fint and lot 
are due to helium. The group of lines near Hi indudea an oiygis 
triplet to the left, and two helium lines to the right. The stroogat 
line, which is nearly midway between Hi and Hf, belongs to behim. 

The calcium lines H and K (4). which are vtry strong in the lolir 
spectrum, appear toward the right of Plate XII, where they have* 
great intensity, and also on Plate XIII, in the spectrum ol a Caii>ii& 
a Aurigae, and a BoOUa. H coincides very cltweiy with H4. Bt bar- 
ing the shorter wave-length of the two. The di^>eraon is not snfi- 
cient in any of the accompanying photographs to show the separa- 
tion between the two lines. Tlie K line appears a little to the ri^t 
of the center of the space between H< and Hf. It shows as a ratlxr 
faint line in the three lower spectra of Plate XH, where it is not ai 
intense as the hydrogen lines. 

The solar lines (5) can be seen readily in the spectra of a Auri|ie 
and B Botttis, on Plate XHI, and in the ultra-violet portion of tk 
q>ectnim of the sun, shown in Plate XU. It would be impoaable to 
adect any particularly characteristic lines in this set. but they may 
perhaps be described as being of rather small intensity and quite 
closely crowded together. The distinction between the arrangement 
<rf lines in Class B and Class G. as shown on Plate XIII. is very appar- 
ent. In the latter star, the H and K lines, and the thickness with 
which the solar lines arc packed ia the spectrum, distinguish it at oDce 
from Class B. where the stronger lines ore isolated, and the finer liii« 
are scattered, appearing in groups of not more than two or three Una 
together. Group G (6) appears first in the spectrum of ■ Aurigae, 
just a little to the left of Hy. It la easily recognized because it eon- 
rists of two rather strong lines in the midst of a large number of fine 
lines. This group is one of the distinguishing features of Class G. 

"Hic bright bands (7) arc seen in the spectrum of y Velorum, Rate 
XIV. 

It is important to note how the different sets of lines just described 
change in intensity in passing from one spectral type to another, and 
this may be traced, to a certain ertcnt, on Plate XIII. though there 
are not enough examples of spectra given there to show it in det^. 
The broad hazy bright bands appear first, and are accompanied by 
bright hydrogen lines of both series. The star y Velorum has the 
bright bands, but the hydrogen lines are dark. For this reason it is 
marked Oa Pec., for if it were a typical atar of this class, the lines 
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would be bright instead of dark. The hydrogen Uaes become nar- 
rower and finally give place to dark hydrogen lines of both series, aa 
illustrated in the spectrum of fPuppis. The series (1) increases in in- 
tensity through Clasa B, reaching ita maximum in Class A. as illus- 
trated by the spectrum of Siriua. They then diminish through Class F 
andG into K. in which they are no moreconspicuoua than many other 
solar lines. The second scries of hydrogen lines reaches its maximum 
intensity in Od, and then quickly disappears. They can also be seen 
faintly in the spectrum of 7 Velorum. 

The Onon lines appear as the bright bands (7) disappear, increase 
in intensity, reaching a maximum in B J and B 3, then diminish, and 
in A are barely visible. ( OrJonis belongs to Class B, in which the 
Orion lines have not yet reached their greatest intensity. The cal- 
cium line, K, appears in Class A, as pointed out in the spectrum of 
Sirius. and increases in intensity until, with H, it dominates the spec- 
trum. The other solar, or metallic, lines, appear faintly in type A, 
become more and more strengthened, particularly the G band, and 
finally the entire spectrum becomes banded. Attention sliould be 
called to the spectrum of Ceti, the well-known long period variable, 
because its spectrum is of the banded type, having bright hydrogen 
Unes at maximum. It is interestbg to note that these bright lines 
have not all the same intensity. Those seen in the illustration are 
H(S, Ht. Us. Hf, and Hi|. H* is absent. The explanatioa given is that 
it is hidden by an over-lying calcium line, H. If the reader is inter- 
ested in studying the spectra of the stars further, ample explanation 
for identifying the lines will be found in volume 38, referred to above. 
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(rtclty, ISS-lSe, 183. 
Eneba, dlacoreryof Nota 

3. 3M: elemenla ol 8W 





fcnsmlng. dixcoter; or loDg period T&ri- 
kble, TBi dijcnrery of new siu. T9^j 
dliOoTery of variable in cluster Meaaler 
B, SO; llalolatanot flrib type, 1341 Bub- 
dlTtoloiu of apaotro. Clws M, 2TS-ITS. 
rmrtar, apectnun of bydrogco uid bell- 

F»nkB. Bpectral typo and color, 282. 
Timnbolar. atellur rpoctra, 30. 
FtMt, lou ol llKbt in speccograph, 213. 

Galaotlc dlauibutiaa of varUblea, 3Si- 

i GemlDonini. 14. 

V Gemlnorum, Clnn lib. t, 260; deicrlp- 

lioD of YML»Uon, 10,260; obBemtlonB 

■diled by Turner, 2ec 107, ■XS. 
GUI, 78, Wl. 

Ooetx, dnitlngs far Ilogeu cbnrta, 02. 
Goodrioke, ditcoTery of Tarlsbillty of fi 

LjTM, Tii eiplauatluQ of variability of 

Algol, Z!S-229 ; Blietob ot life, 2(». 
Gould, Uraiu>mBtriii Argentina. S2, S3. 

S1-S3, lae, 30«; sketch of li/o, 270-272. 
OroTer, obBerrer «t 3ir Cuthbert Fsek's 

obMrvatory.^es. 
enldinK tel«sco]>e, 138-139. 
Onthnick and Pmger, photo-electrlo 

photometer, IH, ise-ie7. 



dealKuaUon Id Ilgbt scale, 172; llgbt 
Male lor HeU's cuuiparison stars, 179; 
editor of Beli'i obserrallons, 180,202; 
reproduction of Fogson's clurts. 206; 
bibllogfsphy, 306 ; statement rtgaiding 
Colortmetry, 134. 

Hagen cbarta, daecriptlon of Series I-IEt, 
a3-C8; descripttun of Series IV. SS-Sl; 
magnitudes ol Series IV, CS-ei ; deecrlp- 
tbin of Series V, ei-G4 ; charts by GoeB, 
02; deacrlptlnnof SeriesVLM, BG; gen- 
eral Indsi. 6S ; index to Parkburst pbo- 
tographa, 67 ; uie, ITD, 293, 304. 307. 

Balma, M. l'Abb«. edltloi 
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f or Caphcld vadablei, IS, 

tlon of e Cephel and 8 ' 

{GemlDorum type. 14; 
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- -" - 1. MS, 212, 216. *73, 283, 

I Ccpbel, 192; elemenCa 
foriuiila for reduction 1 
Id 9 Lyrae claas, 241 
of S L'rsae Majorls, -■- ' 
BW Gemlnomm, 27S. 
Harrard College ObBerralory, cod 
of Annala perCaining to variable 
30e-3lie. 
Harrard photographs, used to trac 
tory of new star, 0, 8; maps for 



Dlcude, 136 ; Tarlatlon of size of Image, 
137. 138; relation between speotral type 
and color Intensltf.Klug. 161 -1B2; mag- 
nitude determined by pttotograpbio im- 
ages. 1S2, 1G3. 

Barnard Ptiutometrv. magnitude In 
Scburig's AUat, 40; magnitudes In Ha- 
gen. Series IV. C9; roagnltudea in Ha- 
gen, Series V, 63; magnitudes in Hagen, 
Series VI, 61; tnagnltadee obtained for 
7G7 stars. 82; pQbtloatlon of flrsC Tol- 
unie, 120; Beviuii HarcaTA Photom«- 
try, ITS. 

Hels. AUat CoeleilU. 33, 39, 02, 120; 
adopted Uraiinmetrla Xova as model, 
83; order in light scale, 172i use of ob- 
servations, 17B, ISfi; collected obserrft- 
tlona, 2Se: friendship nlth ArgeUnder, 
258; Bketi 
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0, U. 3 



Hencbel. William, method of comparing 
stellar brightness, as-87; fractional 

tnde. 04. 167; caniHtrlson ot metbud 
wltb Argelnuder'B, t03; ductaatliig 
Btara, IOC. 219. 

Herti, effect of light on electrlo dis- 
charge, 153. 

Hind, discovery of U Gcmlnanim, 2M; 
Interest in variable Btaia, 267. 

HIpparchoB, globe of, lJt-82; star cata- 
logue. H. 167, 

Hlsgen, drawings for Hagen charts, £8; 
grades lor Hagen charta, Gf, 

Holwarda. discovery of variability of 
UlraCetl. 74-7G. 

Hoggins, early work in BpectrosMpf, 

BT Hydiao, magnitude ourre for, 6L 




Light cnrre. (Ingle, 3-* -. method at plot- 
ting, 1T4; dn«niiln«l«i of period, IT-t- 
17«i of mulnnuD. in. 

Vtbt cam. mean, B ; plottlDK of obKi^ 
T»tlon«, IM-in^approilnimieelBmenti, 
■M ; Dorrectlan of approiiiDate ete- 

ot pbaae, 1B3-IS4; arran^mentB of ob- 
Mrratloni Bccardlng to pha». IM ; 
gronplng of ohnmtlciiu. IS*-19e^ 
mean light curve. iee-lB7; reupltnla- 
tion. 1B8-1W; u»e of corre Tor Algol 
tjpB. Y»nilelL'i method, liB-5«li Chand- 
ler'*. aal-Wi : Htrraid modlScatlon ol 
nelbod for long period Tsrlabte*, 202- 
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harat's method with wciEhn, iso-iu. 
Light ware. 19 ; length, 19-30 ; ooonectlOD 

with color, SO-21. 
Uit of TBTiablei for beginnen, SOS-SOS. 
Loekfer, aiiliauoed lliua, W. 
Long period rarlablea. Irregalaritlea in 

noge and period, MS-Mh Ifpe of ipec- 

tnun, MS, Mft^asOi color. nOj mbdirl- 

(loiii In CUh II, KO-UZ 
Lfno, aketch of Qoodricke's lite, BOO. 
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Oithofl, color scale, 6S, I . . . 

oolor of folnt storB, IS3, 3TT; Oolot Hi 
doubles, ISB. 

Psliaa and Wolf, pbocogniphio cbarta, M. 
Pari* Scllplit CTuirti. W, SI>.«1, BS. 
FukhiUBt. Ilgbt cnrre of BB Crgnl, 
photogtnpba of Hagen Helda, SS^ n 





Id AsMorcftM in aitilar Photcmttrv, 

tt; reaearcbea nitli phntograpbic 
iredg* pbotometer, 128^ rumiutit lor 
photognpblc magoltiide, UT, order Id 
llgbtscald.iniromuIloDoIllslitBOlo 
«Flth welgbu, ISO-ISS; minUDuin ol V 
Delpbiul, 'iK; magoitudta of very taint 
nun, 299^ prec&iittonB, 3a3-9M. 
Fukbotat and Jordan.tUual magnltDdeB 
obtained pbciTognphloally, 1-18-140; rela- 
tion between color Intenalt; and iipeo- 
tm tipt. IW-lfiO; mothod of extra f ooal 



Faek, QbuniitotT 

2«e-M9. 
Felice, itadf of Plolemf ' 



L^me ReglB, 9BB, 
iignltodaa. 



Ferrlnfl^ Cordi/ha Durehtnitaf^runf/, 49- 
BO; Inreatigaclon ot pbotogntpblc Im- 
»ef». 140. 

Peien, star charts, H, M. 

Fbue, In Ugbc i:urvB, deBnlilon, 193. 

Fbolo-eUetricity, pHnclplEs of, IM-HBj 
applied Ir> pbotoniecry, ls9-tGT. 

Fbotogropblc linage, affected by stac 
color. 137, 144-14S. 14S-1B1; apiiearance 
and tormallon ol image, 13»-|«; tbeorj 
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1-1«]; u 



9a[cc 



HH ot atalned plaraa, 142, 14g-UI ; flffeot 
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■ffaot ot ipectral type, M, 

Fhotograpblc magnitude, metbodof de- 
terrolDlng, Cbarllar. 143-1471 Fark- 
hant. 14T; matbod ot extra focal Im- 
■gee, XSI-IS2; Harrard method, 152-103. 

Pbotograpblo telBioope. Bmce. 144. 

Photographlo wedge, method ot prepar- 
ing. IGl. 

PhotographT, Importance In ipectro- 

Fbotometer, Zailner,deiiGrlptiaD,lIft-l%i 
— use Id preparing Potsdam PKolt 
metrie DtirchmtuUnmg, 120, ia2; ml 
Hdlan. 122-136; pbotograpblo wedge. 
I2«-I»iB«inc«on. 129; aolenlnm, "■ 
IBS; pbnto-electrlc. 104. lliS-l«7. 
Pbotomecry. development ot. 167-18 
Pldcerlng, cliue ID cation of TarUbti 

Ing'B Type V, 30; secondary hydrogen 
Wrlea.31.3T; Harrard photometric taag- 
nitnde adopted hy Hagen. 60. SI, 6t] 
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M; mlatlon ol TY Aqnllae conHrmed 
brt fT| OlMoreiT Of SV HwcDiu, Ti-n( 
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gtapblc platee, 78; diacovery ot long 
period rarlablea nicb bright H llnei, 
79; dlicotery ot variable In Omega 
Centanri. M); compariaon ot Ftolemy'e 
and HajTard nkagnltudea, 02 ; pnbllct^ 
tion ot Herachel'a mauiuoripl, 87; dl»- 
cuaalon ot Heracbera magnitudes. 87; 
method at comparing varlablee. 100-107; 
method of direct eitlmatlDU ot magnl- 
tudea, 107; meridian photometer. 122- 
LMi variation ot FolarU, 12G; pboto- 
gtapblo wedge photometer, 12S~l2gi 
r^omi of metbodi In pbotograpblo 
pholometrj. 103; eiplonatlon ot vart- 
ahlllty of Algol, 229; spectrum of 
Lyraa,243: subdlvlfiloiu. In Cbua n.2S0; 
CUaa He, KI; publication ot Arge- 
lander's olMerratlnns. 260; publication 
of Schttuteld's obsenHtions, 262; pub- 
Uotlon of Schmidt's obaerratlona. 264; 
circulars cODCemlng variable etor ob- 
senatlonl, 2S9-29S, 303; Section of Va^ 
riable Star Obacrvera, 297-298. 

Plgott, aketcb of work, 2U9,37D; trlend- 
ablp with Goodilcke. 269. 

TogBon, rule for eipreesing relation be- 
tween magnitude and relative bright^ 
nees. 9t, 9G, 98, 97 ; connection wlUi Feoh- 
ner's Uw, 90; eiamplee ot rule. 100-102; 
application In obaervstlun. 106; applt. 
cation nf rule to Algol. 229; oollecied 
obeerratlons, 207, 260 ; Aetcb of Ute, 

aeo-2M. 
Fohuis, variation In brightness. 120. 
Polarlied llgbt, application to pbotoro- 

etry, lli-116. 
Pottdam PholomelriB DuTthmuitenmg, 

description, 120-122; color scale, 121,130; 



ooilmum and mlDlmaia ot 
variable Btara. 206-207; metbodof find- 
ing £.207-208; eiamples of method for 
long period Tajlablea,a(»-211 ; tur Algol. 
112^213. 

Ptolemy, descrlpllon ot oatalogtie, 81-83; 
fractional magnltudei, 82.88, 187, 168; 
magnitudes adopted by biter asCron- 
omen. 82-83; value of dlviaion Into 
magnitudes. 82; division Into magni- 
tudes. 94, 37, 99. 

Pnrklnje pbenomenon. loe-ioa. 131, 137. 
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andpra88Qre,23, 
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Tr%zr±:f^T >v Harrard. 31^^; derel- 
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Sirzne, cv::r of double stars, 136. 
Scncc frzdy of Cepheid-Geminid groap 
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1»^vp*. rii-iinz. 15^-139: penetrating 
jv w^r. 2?? . fettinc with circles, 300-301 ; 
>i<=ufca:i>a of fieM. 30i-3<i3. 



T-^-i' - fCAT i:i»i T7T< :f Tec:>~nry jtar?. description. 0-9; ppec- 
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Talentliier, editor of 

ntloDB, »». 261. 
Vui der Bill, iiiTeacigaUan oF U Oemino 



Tulkble tun, deBuition, 3 1 Pickering's 
elaniOcatloD of. 5-IT ; prorlalonal oaU< 
loffue of, S; of long peiiod, B-10; Ineg- 
qIu. ID-11; of Bbott period. 11-14; of 
Algol type, 14-17^ cfuHtertype, 14; speo- 
tnl types. lomporaiy gtin. 3G; long 
period, 35; Irreguliir, 3S-, abort period, 
X; AlKOl type. 30; caulngue of, El, TO; 
DUAbod oflaamlD^ Tarlabl«s. Argvlao- 
der'B, es-es; Harvard. 09; CbBodler's, 
'; NljlBnd.7l); dlscoT- 
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err, 73-M ; metliadB <: 
nal, Argelutder's ace 
Ffolterine's, KIS-107; oiner 
tloni, im-tW i effect of color 
TBtloiu, lOB-UB ; preoantlUDs, IQB-llI 
Tiloe et photo-electric pbotometen fi 
■bortp«rlodTmriables,lS7-t58, I6«:ligbt 
■oale of compulaoD itan, 1TI>-173; Ugbl 
■tepa of TftTloble, IT2-1T4 ; toethod of 
plotting aingle ligbt curve, 174; delei^ 
mlnBtion of time ol miLiimiuD and 
lenglbof period, 1T4-ITB: cbuigs from 
llgbt step! Into moKiittudes, 177-179; 
formatlou of llgbt icale wltb weights, 
UO-ISG ; tuethodof derlrlog mean light 
eatve, Ise-IM ; lt> UM, l»-3<» ; Harvard 
modUloktioo for loag period variable*, 
Snt-SOS; predlctlOD of mailmnm and 
I, 906-Slli uorractlon to geo- 
" " n period vart- 




■yglenu, £3^-240 ; evidence tor Lyrae 
type, 241-344; theories for Cepheid- 
OemlQld type. 244-247 ; for cloaler type, 
MS-347; ItregQlarilies In elements of 
long period TarlHbles, 248-292; Irregular 
TM-iallles, 262-233: lemponLry etara. 2a». 
2SS; collections of observBUonB.2E6-2T0; 
■taCUUcBl etndy. 273-288; number of 
dlecoveriee attributed to single ob- 
server. 288; earliest variables discov- 
ered. 288-287; value of observations bf 
Argelander's method, 2e»-2Mi method 
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Velocity curve, 233-234. 

Vibration frequency, 21-22, 218. 

Vogel. early work In spectroscopy, ai9j 

■pectrosooplo observntloas of Algol, 

220.2311, 231; at Poudam, 2M. 

Wallace, staUied plates, 143; Pau-lio 

Webb, color of double stars, 133. 
Wilson, value of amateur work on vart- 



Wolf, earl]' photograph at Nova Aarl- 
gae, 8; Pallas and, iihotflgrephlc star 
charts. SO; discovery of variables Willi 
aid of itereo-comparator. T3. 



gel type, 199-201 ; precautions, 304-303. 

Zeeman effect, 2T. 

Zlnner. galactic distribution of vuisblea, 
2a3-2H. 

ZOIlner photometer, lie-119; mctbod of 
reduction, llB-120^ use In J'olndam 
PkotonutTlc I}vrchmuiUni.iig. 120. 
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